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PREFACE

Artificial freezing of ground has been used increasingly in the last few decades to stabilize earth
materials and to control ground water seepage in geotechnical construction projects. During this peri-
od of time there have been many significant advances in ground freezing technology. As a result, arti-
ficial ground freezing is becoming more and more attractive as a construction technique.

As application of the ground freezing technique has become more widespread, the need for more
accuracy in predicting the effects of freezing on soil properties has giown. Accuracy in predicting
refrigeration requirements and placing freezing pipes has also assumed great importance.

Two international symposia have been held to bring ground freezing specialists from all over the

world together for discussions on these subjects. The First International Symposium on Ground
Freezing, held in March 1978 in Bochum, West Germany, was hosted by the Ruhr University Bo-
chum under the direction of Professor Hans L. Jessberger. This meeting was such a success that it
was followed by a second symposium in June 1980 in Ti ondheim, Norway. At the close of the second
symposium, it was decided to continue this type of meeting on a regular basis; a third symposium, to
be held in the United States in two years, was planned.

The Third International Symposium on Ground Freezing is being held 22-24 June 1982 at the
United States Army Corps of Engineers Cold Regions Research and Engineering Laboratory in Han-
over, New Hampshire. At the past two symposia on ground freezing, many excellent theoretical, ex-
perimental and case history studies were reported, and several advances in the state of the art were
made. However, it is felt that a significant gap between theory and practice still exists. Therefore, the
theme of this symposium is to emphasize the relation between theory, design and application in artifi-
cial ground freezing. Attendees are particularly encouraged to describe difficulties encountered dur-
ing construction, and to point to areas where further research is needed to advance the state of the
art.

This symposium is divided into four main sessions:
Session I Mechanical Properties and Processes

Session II Thermal Properties, Processes and Analysis
Session III Frost Action
Session IV Engineering Design and Case Histories

This preprint volume contains the papers accepted for presentation at the Symposium. More than
70 papers are included, representing contributions from 12 countries (Canada, Federal Republic of
Germany, Finland, France, Italy, Japan, Norway, People's Republic of China, Sweden, United
Kingdom, U.S.A. and U.S.S.R.). Editing of the manuscripts has beer. kept to a minimum, to pre-
serve the integrity of the contribution of each author. The few papers that were not submitted prior
to press time-are represented only by their abstracts. These papers are being distributed at the Sym-
posium.

The National Administrative Organizing Committee and the International Organizing committee
for the Third International Symposium on Ground Freezing wish to express their appreciation to the
U.S. Army Cold Regions Research and Engineering Laboratory in Hanover, New Hampshire, the
U.S. Army Research Office in Durham, North Carolina, and the State of Alaska Department of
Transportation and Public Facilities for sponsoring and supporting this meeting. The staff support
provided by CRREL during all stages of the planning has been particularly valuable. In addition, the
State of Alaska Department of Transportation staff has provided valuable assistance in organizing
the Alaskan field trip that will follow the Symposium.
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The committee chairmen gratefully acknowledge the efforts and cooperation of the members of
the committees. Dr. Dean Freitag and Mr. Henry Springer, both of whom have made recent career
changes that ha',e resulted in their withdrawing from active parlicipation, should be recognized for
their efforts in getting this Symposium under way. Finally, Ihe Organizing Committee wishes to ack-
nowledge the authors of the papers and the staff of the Technical Information Branch at CRREL for
their diligence in putting this volume together. The cooperalion of so many people has resulted in a
very impressive document on the practice of artificial ground freezing.

The National Organizing Committee hopes that this Symposium will provide for a fruitful ex-
change of ideas and information.

Edwin J. Chamberlain
Francis H. Sayles

Co-Chairmen, ISGF '82
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SALT CONCENTRATION EFFECTS
ON STRENGTH OF FROZEN SOILS

Nobuhide OGATA
Masayuki YASUDA
Tetsuyuki KATAOKA
(Civil Engineering Laboratory, Central Research Institute of Electric Power Industry, Japan)

Abstract distribution in the ground around a 60,000 k'
LNG inground storage tank now constructed

The influence of salt concentrations on in Japan is shown in Fig. 1 as an example
strength of frozen soils is discussed from the ex-
perimental point of view. In recent years, a
considerable interest has been developed in under- 3..5 __ 0 10 20 30
ground or inground storage of cryogenic liquids.
If an LNG storage tank is constructed in the - -

ground with no heating equipment around the E LNG (-162°C)
tank, the ground will be frozen with the lapse of rn.aZ
years. To examine the safety of an LNG inground F ,Insulation

storag tank, it is required to estimate the pheno- 0-
menon of frost heave involved in such freezing of
ground and the frozen earth pressure acting on the
wall of the tank. In this study, the mechanical 10- Ae5a

properties of frozen soils are experimentally 10 years
obtained. They are required for analyzing the 20 20 years
above problems by the finite element method.
Since LNG inground storage tanks are often con- 30 yea
structed along the coast, tests were made on the 30
frozen soils containing salt, to report the results
here. 40-

(m) Fig. 1 Growth of the frozen zone around

Introduction a LNG tank

Liquefied natural gas (LNG) is stored by As can be seen from Fig. 1, 30 years later, the
various methods, and recently in Japan, in addition range of frozen ground covers about 25 m directly
to aboveground LNG storage tanks, inground below the bottom plate of the tank, and maximum
storage tanks are being constructed increasingly about 14 m in the direction of the side wall. If the
for the reasons of disaster prevention and scenery. ground around a tank is frozen widely like this, it
In Japan, most LNG storage tanks are constructed is feared that a lawle frozen earth pressure may act
in the soft ground reclaimed on the foreshore. In on the tank body, to lower the safety of the tank,
case of inground storage tanks, containers made of that the frost heave caused by frozen soil may raise
concrete are constructed inground to secure suffi- the inground storage tank, making it unstable, and
cient safety against earthquakes. furthermore that locally uneven frost heave may be

Meanwhile, if LNG is stored in an inground caused by uneven frost heave susceptibility of the
storage tank with no heating equipment, the ground, to raise the tank unequally.
ground around the tank becomes frozen in long This report describes the results obtained by
years, even though the tank is internally provided experimentally examining the mechanical proper-
with a thermal insulator. An analyzed temperature ties of frozen soil, which are required when the



change of frozen earth pressure acting on a tank Materials and Method
with the lapse of time is analyzed by the finite
element method. In particular, it describes the Materials
influence of salt concentration on the strength and
creep characteristics of frozen soil, since LNG The materials used in this study were four
inground storage tanks are very often constructed kinds of sand and three kinds of cohesive soil.
along the coast. As described in this paper, the Of them, alluvial sand, clayey silt and clay were
influence of salt concentration on the strength and sampled from the construction site of LNG in-
creep characteristics of frozen soil is very large. ground storage tanks. Toyoura sand is widely used
The salt concentrations actually measured in the as standard sand in Japan. The other materials
ground near the coast are shown in Fig. 2 as an were purchased in the market. The grain size dis-
example. tribution curves of the materials used for the tests

DL '5.270 3,__L : h3%3 , o. I s 9Y 
( )  are shown in Fig. 3.

0L-527 . s 5

F , 8.1 ( , Preparation and Freezing of Specimens
I, 64- 36 2a d

0- Q For sand specimens, sand was sufficiently

--'r I dipped in any of saline solutions respectively pre-A. i 2,, f . pared by adding sodium chloride to distilled water
Its, F- at predetermined ratios, and was put in 5 cm dia-

S7- 0 o-" VW meter and 10 cm high steel molds, being tamped,
S 1 2.6) and refrigerated by a refrigerator of --20'C, to

D, 2.13 22-.6 1.41 l 2l .8o°° ,.29 341 2,,, 1 I make frozen samples.

-"0 W,,_ 12.14 - For cohesive soil specimens, the respective
.2.71) 12 ,2, air-dried materials were loosened, and any of saline
,7 24-0 :2 61 solutions with predetermined salt concentrations

32, , ' I 2.-4 I was added to them, making them contain water by

,(73 --. I . I not less than the liquid limit. The slurry materials
1:34.5 4 (.002.0) thus made were put in 15 cm inside diameter and

((0003 325 cm high cylindrical containers, and consolidated
under a pressure load of 0.049 MPa. After consoli-

0. 2-3 (.07 2.74 dation for 2 weeks, the samples were taken out of
the cylindrical containers, and cut into 5 cm dia-

.... 2 2..' .. 0 meter and 10 cm high cylinders, being put in steel
molds and made into frozen samples by a refrigera-
tor of -20'C.

-300D D 2,.0 (27, 723 The properties of specimens made like this are
collectively shown in Table 1.

Fig. 4 shows distributions of salt concentra-
tions in the. specimens prepared as above, taking
sand for example. As can be seen from Fig. 4, salt

).. Mean*. . ,n,, 3,/3 o W(00) concentrations in specimens cannot be said to be
Fig. 2 Soil profile and salinity distribution even. Salt concentrations mentioned in this paper

at the site refer to the salt concentrations of saline solutions

.00

.5 0
•V

0.001 0.005 0.01 0.05 0.1 0.5 1.0 5.0

Particle Size in Millimeters

Fig. 3 Grain-size distribution
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Table 1 Summary of laboratory data for the materials

Wet density Moisture content Drydensity Specific surface area
Material t (g/cm3 ) W (%) 7d(g/cm 3 ) S, (m2 /g)

Alluvial sand 1.88 28.0 1.47 7.3

Toyoura sand 1.94 22.5 1.58 0.9

Sand (fine) 1.86 28.5 1.45 2.2

Sand (coarse) 1.87 28.8 1.45 2.1

Kaoline 1.67 44.1 1.16 35.7

Clay 1.50 66.1 0.91 63.5

Clayey silt (diluvial deposit) 1.67 47.4 1.13 110.0

Results and Discussion

10.0 Strength

20 i Fig. 5 shows a phase that the strength of

0.0] frozen alluvial sand decreased with the increase of
salt concentration at a temperature of -200C.

2.0 Further tests were conducted in a wide tempera-
ture range. How the strength of frozen sandy soil

0.01 changed with the change of salt concentration is

S2.0 5.0 shown in Fig. 6. When the temperature was higher

' .0E 2 -
"L Soil: Alluvial sand

2.01 0 1 Temperature: -20*C
IStrain Rate: 1 %/min.

0.0 i.S: Salinity (%)

0 *0.C

2.5 0 2.5 0 3.0

Specimen radius (cm) Salinity (%) .5

Fig. 4 Example of distribution of salinity a
in specimen (sand) E 1.0

used when specimens were prepared, and have 3.0
nothing to do with any change of salt concentra-
tion by freezing, or any unevenness of salt con-
centration in the specimens, or any change of 01 2 3 4 5

concentration in the brine. Strain (%

Tests Fig. 5 Relation between stress and strain
at various salinity: alluvial sand

All the tests were conducted -by the uncon-
fined compression test at a compressive strain rate than -20 0 C, -the compressive strength of frozen
of 1 %/min. The relation between stress and strain soil decreased with the increase of salt concentra-
of the frozen soil containing salt is shown in Fig. 5, tion, and especially in a salt concentration range
as an example of test results. Fig. 5 shows the the of 1% or less, the rate of strength decrease was
results of alluvial sand test conducted at a tempera- very large. On the other hand, the results of the
ture of -20 0 C. test conducted at a temperature of --32*C showed



20 - B
Alluvial sand 0 Clayey silt

Alluvial sand

0 Kaoline

-332oc C Temperature: -10°C
S'.Strain Rate: 1 %/min

0 ,

CD

-10 - ___C____ __ __
E

a, 0

-22C

0Salinity 1%)

0 1 2 3 4

Salinity (%) Fig. 7 Relation between compressive
strength and salinity: (a) Calyey silt,

Fig. 6 Relation between compressive (b) Alluvial sand, (c) Kaoline
strength and salinity: alluvial sand

a trend similar to the results obtained at tempera- could be obtained. Fig. 7 shows the results con-
tures higher Lhan -20 0 C in a salt concentration ceming clayey silt and kaoline at -10 0 C, and as

range of 1 % or less, but when the salt concentra- indicated there, clayey silt and kaoline were very
tion was 2 % or more, larger compressive strengths different in the trend of strength decrease. In case

were shown on the contrary. The reason is sur- of clayey silt, the compressive strength decreased
mised to be that the eutectic point of the sodium linearly with the increase of salt concentration. but
chloride-ice system is about -22 0C. in case of kaoline, the rate of strength decrease was

Apart from the above mentioned results on remarkable in a salt concentration range of 1 % or
sand, the relation between compressive strength less as in case of alluvial sand. However, it was not
and salt concentration was examined also for so remarkable as in alluvial sand.
cohesive soil, and the results as shown in Fig. 7 Fig. 8 shows the relation between compressive

30 .- 3 0 0 -0 % A lluvia sand

A llu v ia l sa n d I SN 5 0 %

S : Salinity M% :0 -3% JToyoursl sandS S 3% r

oS-O% Smnd (fianl

e 5-0% Send .. ) ",

,2 3%
J. S-- Salinit

00 20

t

10 ~10- -- --

- x J Ellietic point

0) -20 '"-40 -60 -8O0 -10 -20 -3r)

Temperature ( 
° C) Temperature (°C)

Fig. 8 Relation between compressive
strength and temperature at various Fig. 9 Relation between compressive
salinity for alluvial sand strength and temperature for sands
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strength and temperature of alluvial sand, ex- centration, the larger the amount of unfrozen
amined at the respective salt concentrations. When water. 2.3)
the salt concentration was 0.5 % or less, the com- 40

pressive strength increased almost linearly with the Cla ey sit
drop of temperature, but when the salt concentra- Clay
tion was increased, considerably different trends Kaolin.'-Alhluvia sand
were observed between the temperature range _ Toousand and

higher than the eutectic point and the temperature Sand (coarse)

range lower. At high salt concentrations and low le o S: - !S A %

temperatures, the strength increase for temperature -
drop was very remarkable. Fig. 9 shows the rela-
tion between compressive strength and tempera- C.
ture examined of other kinds of sand at salt con- 2

centrations of 0 % and 3 %. At a salt concentration .
of 0 %, the compressive strengths of respective 3 20-

kinds of sand dispersed in a very wide range, but
at a salt concentration of 3 %, all kinds of sand C -S -3.0 estimated)
showed almost the same compressive strength. .

Fig. 10 show. a similar relation examined of 0 0
cohesive soils. 0

5 Clayey silt

Clay

D- --a Kaoline 0\0 -----------0- - - - - -------

S S a lin ity a% ) " 0 -1 - 2 _ _ 3 0
Q1I . 0 -10 2-3

4 10 - - . Temperature ('C)

Fig. 11 Relation between unfrozen water
.content and temperature

.-. , . 30 (Experimental results)

-- >- b 0 5=3% Alluvial sand

E I S3
(. . S=3% Toyoura sand

S=% Sand (coar-)----- # S=3%

C I2S:Salinity
0 -2 -4 -6 -10 -20 -3

Temperature ('C)

Fig. 10 Relation between compressive strength
and temperature at various salinity .

The compressive strength of frozen soil is E 10
0surmised to have a close relation with the amount 0

of unfrozen water in the frozen soil. For this I
reason, the amount of unfrozen water in frozen 0
soil was measured by the calorimeter methodl), 0 0
using the samples prepared by quite the same I

method as adopted for preparing the specimens _
used for the strength tests of frozen soils. Fig. 11 00 20
shows the results. All the values were obtained Amount of Unfrozen Water (gH0/g Soifj %
experimentally, except the value of clayey silt at
a %alt concentration of 3 %. The curves showing Fig. 12 Relation between compressive strength
the relation between the amount of unfrozen and amount of unfrozen water for sands
water and temperature obtained here suggest that
the amount of unfrozen water is closely related Fig. 12 shows the relation between the amount
with the specific surface area of each sample. As of unfrozen water and compressive strength of
generally said, it can be recognized that the larger sand, obtained as mentioned above. This graph
the specific surface area, the larger the amount of suggest that the compressive strength of sand is
unfrozen water, and that the higher the salt con- very closely related with the amount of unfrozen
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water. That is, the larger the amount of unfrozen The same conception adopted for frozen
water, the lower the compressive strength of frozen sandy soil was applied also to the frozen cohesive
sandy soil. Also with regard to the specimens of soil containing-salt. However, as shown in Fig. 14
frozen sand soil containing salt, if the amount of though the relations between compressive strength
unfrozen water increased by the salt content is
found, the relation between compressive strength 0S-0% Caesl
and the amount of unfrozen water obtained for a 0 S ) Clayey silt
case of no salt contained can be surmised to apply 1 s - Clay
directly. S-3

In the above, the compressive strength of 0 s-O%/ Kaoline
frozen sandy soil was examined in reference to the a S-3%1
amount of unfrozen water. Fig. 13 shows the re- S Salinity
lation between ice saturation and compressive 0
strength. The ice saturation was obtained by the
following equation. 110 . . . .. .

VV
s V- (1) C £

where S," = Ice saturtion, Vv = Volume of pores in 0
were Si, = Iesaturatin = Volume o fupied b e s in
frozen soil, Vi Volume occupied by ice in frozen
soil.

E £
5 -u _

50 A

Alluvial sand•

S 0% Toyourasand S0 
C

0 S'0% I San (care 0,
0S-3% Sand (coarse) 0 10 20 30 40 50

10 5 Salinty Amount of Unfrozen Water (gH2 O/g Soil) %

5 ...... ....- t Fig. 14 Relation between compressive strength

and amount of unfrozen water for
cohesive soils

Pand the amount of unfrozen water at salt concen-
.> trations of 0 % and 3 % can be expressed by almost
a 1 -- the same curve, if the materials are the same. the

relations between strength and the amount of un-
E0frozen water, of different materials, are different,

8 0.5 - and cannot be discussed under the same concept.

In this case, soil particles were assumed to be
surrounded by unfrozen water, and the mean
thickness of unfrozen water film was calculated by
the following equation.4 ) And it was decided to
examine the relation between the thickness of

0.1 0 0.5 1.0 unfrozen water film and the compressive strength

Ice Saturation of frozen cohesive soil.

8- (2)
Fig. 13 Relation between compressive S, X Pw

strength and ice saturation for sands wher 6 = Thickness of unfrozen water film, Wn -

Amount of unfrozen water, S, = Specific surface
In Fig. 13, fairly good coincidence with area, P, - Density of water.

strength is attained with all the three kinds of Fig. 15 shows the relation between strength
samples used in this study, in cae of frozen sandy and the thickness of unfrozen water film calculated
soil, in reference to the concept of ice saturation, from equation (2). Compared with Fig. 14. it
without referring to the salt concentration. As for seems possible to explain the trend of the compres-
the specific surface area, the sand used in this sive strength of frozen cohesive soil more generally
study showed a maximum value of 7.3 mr /g with in reference to the thickness of unfrozen water
alluvial sand a minimum value of 0.9 m2 /g with film rather than to the amount of unfrozen water.
Toyoura sand. Fig. 16 shows the same results as Fig. 15, plotted
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oo:S -0% _____ ________________

0%1:S3 J Clayey silt _
&0:S-3%J ClCyaosy-0t15 -3% J1----653

o:S-0% 1 S-Ol

Kaolin* A S=3% Clay0 a: S-3% A S-3%J

S:Salinity a S-0% Kaolin
0 S3%

0 S: Salinity10 - -
-M 10

0' 
A

C" J

E
o 5 -------- -5

0O Clayey sit (unfrozen soil)

Clay
A -(unfrozensoil)

A Ko line
01 - I . I unfrozan soll,

0 . 0.1 0.5 1 5 10 50
0 2 4 6Thickness of Unfrozen Water Film Own)}

Thickness of Unfrozen Water Film (nm) Fig. 16 Relation between compressive

Fig. 15 Relation between compressive strength and thickne, of unfrozen
streth and thickness of unfrozen water film for cohesive soils
water film for cohesive soils

5.0

a,= 0.53 MPa, Salinity = 1.0 % i

4.0

Temperature: -- 100 C

S3.0 4

- = 0.94 MPa, Salinity = 0.5 %

0.0

ac 1.65- MPa, Salinity - n.O %

0

0 50 100 150 200

Time (h)

Fig. 17 Example of relation between creep strain and time
(oc = 20 % of the unconfined compressive srength of each sample)
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on aemilognithmic graph paper. It indicates that around sodl particles. However, whether this
if the thickness of unfrozen water film becomes inference can be applied also to other cohesive
less than about 2.5 nm, the compressive strength soil can be concluded after coilecting further
becomes suddenly high. Since the average dia- data.
meter of one mc'ecule of water is about 0.25 nm, 4) The creep deformation of frozen soil is con-
the thickness of layers of unfrozen water which siderably affected by salt concentration. If salt
causes a sudden change of strength corresponds concentration increases, the creep deformation,
to about 10 molecules of water. Though strict too, becomes large.
discussion could not be made since equation (2) 5) Compared with the frozen soil not containing
was used, it was dem,. istrated that the compressive salt, the frozen soil containing salt is low in
strength of frozen cohesive soil could be explained strength and large in creep deformation. Therefore,
by the mean thickness of unfrozen water film the conditions of the site concerned must be re-
around soil particles. Fig. 16 also shows the values produced correctly in a laboratory. Furthermore,
of 5 obtained from equation (2) using the water the distribution of salt concentrations in the
content in unfrozen soil, and it can be seen that ground at the site must be known.
clayey silt is small in the thickness of water film
even in the state of unfrozen soil.

Creep

In the above, it was demonstrated that the Acknowledgement
strength of frozen soil was very considerably af-
fected by salt. Now concerning the relation The authors wish to thank Dr. Masao Hayshi
between the creep strain caused with a certain and Hiroshi Ito for their helpful advice.
load applied to a specimen of alluvial sand con-
taining salt, and time, tests were conducted, and
some of the results are shown in Fig. 17. The tests References
were conducted at the temperature of -10"C for
the four cases of 0, 0.2, 0.5 and 1.0 % salt con- 1 ) Young, R. N., and B. P. Warkentin, Introduc-
centrations. The magnitude of the load was made tion to soil behavior (translated into Japa-
20 % of the strength, since the strength depended nese), Kajina Institute Publishing Co., Ltd.
on the salt concentration of each specimen. Thus, 1972.
according to the increase of salt concentration, the 2) Banin, A., and D. M. Anderson. Effects of salt
load was made smaller, and yet the value of creep concentration changes during freezing on the
strain increased with the increase of salt concen- unfrozen water content of porous materials,
tration. Thus, it was demonstrated that the Water Resources Research. Feb. 1974, 124-
frozen soil containing salt was very large in creep 128.
deformation. 3) Young, R.N., C. H. Cheung, and D. E. Sheeran,

Prediction of salt influence on unfrozen water
content in frozen soils. Proc. Intemnationi

Conclusions Symposium on Ground Freezing, 87-101,
1978.

How the strength characteristics of frozen 4) Anderson. D. M., A. R. Tice, and A. Banin.
soil were affected by the concentration of salt The water-ice phase composition of clay-water
contained in soil was experimentally examined, systems: I. The kaolinite-water system, Soil
using sand and cohesive soil. Furhermore, with Soc. Amer. Proc. 37: 81"-22, 1973.
regard to sand, creep characteristics were examined.

The conclusions obtained in this study are as
follows:
1) If frozen soil contains salt, the compressive

strength of the frozen soil is considerably affected.
When temperature is higher than -20 0C, the
compressive strength of frozen soil decreases if the
salt content increases, and especially in a range of
low salt concentrations, the rate of decrease is
large.
2) The compressive strength of frozen sandy soil
can be obtained almost correctly, if ice saturation
isf calculated, considering the amount of unfrozen
water increased by salt content.
3) The compressive strength of frozen cohesive

soil could be inferred from the concept of the
average thickness of unfrozen water film formed
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STRENGTH AND I)EFORMATION BEiHAV IOR
OF FROZEN SALINE SAND

D.C. Sego, University of Alberta, Edmonton, Alberta
T. Shultz, University of Alberta, Edmonton, Alberta
R. Banasch, The UMA Group, Edmonton, Alberta

SUMMARY
This study presents the results of a laboratory investigation of the strength and

deformation behaviour of frozen saline sand. Unconfined compression experiments were
conducted at -7.0*C and at various strain rates. The results indicate that the strength and
deformation are strain rate dependent and are strongly influenced by the concentration of the
saline pore fluid. The behaviour is best analyzed using a power law to indicate the relationship
between both the strength and the deformation moduli with the strain rate.

INTRODUCTION TEST MATERIAL

The commitment to hydrocarbon The fine sand used in the experimental
exploration in the Beaufort Sea has required program was a readily available local concrete
that oil well drilling be designed and mortar sand having the grain size distribution
constructed that are able to withstand the ice shown in Figure 1. The grain size distribution
loading. The major type of structure used in of the sand tested is compared in Figure 1
water depths up to 8 meters or less has been with the ranges of grain size of marine sands
artifically constructed islands. The design and found in the Beaufort Sea as reported by
construction of these islands in shallow water O'Connor, et al. (1979). The test sand is a
have been discussed in detail by Riley (1975), clean light brown, poorly graded sand with
Garret and Kry ( 978). and Croasdale and coefficient of uniformity of 2.3 and a Unified
Marcellus (19781 More recently, as Soi! Classification of SP. The sand grains are
exploration moves into deeper water, a subrounded to angular.
caisson retained island has been designed and
constructed for Dome Petroleum Ltd. (Van
der Wal. 1982) This island is constructed in
20 meters of water.

These artificial islands require the Sm G',

hydraulic placement of large amounts of sand o1
fill in order to be stable when subjected to A Beaufor /
ice loading Therefore, the use of artificial E0 go
freezing of the sand to reduce the volume of Sea Sand Mortar

sand required and to increase stability is a Sandpossibile design that might be considered.
Frozen saline soils are also encountered inother c rcum staces and threfore it s of ap
interest to determine their properties This o 0 0 0

study reports on a preliminary set of Particle Size (a,,)
experimental results that were conducted to
establish the strength and deformation Figure 1: Grain size curves comparing
behaviour of an artificially frozen sand with sand used to Beaufort Sea
pore fluids of various concentrations of NaCI. Sand reported by 0' Connor

et al. (1979).
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SAMPLE PREPARATION

Mixtures of mortar sand and saline .....-
solution at concentrations of 0. 10, 35, and ,, ,. .100 gm NaCI/liter were prepared at a .,-
moisture content of 30%. Each mixture was
placed on a vibratory table and thoroughly 4 _ ..
mixed, while being vibrated. The mixture was
covered with a plastic wrap and stored in a ;- !:- -- - ,moisture room.

The samples were prepared at an
essentially constant density by being
subjected to consolidation pressure of 80 ,.
kPa in a one-dimensional consolidation .c
apparatus. The cell used was constructed of Z,
PVC and its design features have been
outlined by Mageau (1978). The samples
prepared with this device were 100 mm indiameter and 180 mm in length. Figure 2 a: Cut away view of modified

The consolidation apparatus was triaxial cell after
located in an environmentally controlled room Savigny (1980).
that was maintained at + I .01C. The base plate
was connected to a constant temperature
circulation bath in which the fluid was
maintained at -75.0CC. Upon completion of
consolidation the cold fluid was circulated
through the base plate and the sample was To 0i
frozen one-dimensionally from the base "
upward During freezing the constant
consolidation pressure of 80 kPa was
maintained and the sample was allowed to
reject fluid through the top load cap. This
ensured that, during freezing, there was no
buildup of excess pressure at the freezing
front The sample was subjected to the
freezing temperature for 24 hours to ensure -, -I -
that it was completely frozen. s--* - I 1

The consolidation cell was transferred --
to a cold room maintained at -20'C and the 

AC P@
sample was removed from the apparatus. It T.
was wrapped in saran wrap after being F-.
sprayed with water from a mist bottle. The Figure 2 b: Schematic of constant
mist was applied to reduce ablation of the
pore ice during storage. Each sample was displacement rate loading
labelled and placed in a freezer chest until apparatus.
required for testing.

In preparation for testing the sample TEST EQUIPMENT
was removed from the freezer chest and
placed in the preparation cold room The tests were performed using a 90
maintained at -20C. The sample was allowed kN capacity Wykeham Farrance constant
24 hours in the cold room to come to displacement rate loading press. Thetemperature equilibrium. The ends of the displacement rate could be varied between
sample were machined parallel and 1.2 mm per minute and 0.00049 mm per
perpendicular to the sides with a shell mill that minutecontained tungsten carbide tips The sample The triaxial cell, which was modified
was weighed and its dimensions recorded and to provide temperature measurements, was
the density calculated selected since it allows a cell fluid to

The sample was mounted in a triaxial surround the sample hence reducing ablation
cell that had been modified for testing frozen of the pore ice during testing. This light
soil The modifications to the triaxial cell have paraf in oil also acted as thermal mass
been given by Savigny (19801 and a schematic surrounding the sample which helps to
diagrarn of the testing system is given in maintain a constant temperature in the sample
Figure 2& The sample was mounted on the during the experiment
lower platen, the upper platen was centered The temperature of the sample was
and a latex rubber membrane was placed maintained constant by circulating a mixture
around the sample. The cell was assembled of ethyelene glycol through the cooling coils
and a light parrAfin oil at -201C was pumped that surround the sample. The cooling coils
into the cell to surround the sample. The use which act as heat exchangers, are mounted
of light parafin oil in triaxial testing has been within the triaxial cell. The temperature of the
discussed by Iverson and Mourn (1974). The ethylene glycol mixture was maintained
platen used were standard aluminum platen constant during the experiment by circulating
without any friction reduction. the fluid through a Hot Pak constant

temperature bath. The base of the triaxial cell
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U
was isolated from the load frame by a cooling stress-strain curves of the samples tested.
plate mounted between the cell and the Each Figure contains the results for a
movable loading frame platen. The cooling different pore water salinity. The
fluid from the Hot Pak apparatus was stress-strain curve is identified with the
circulated through this plate. The triaxial cell average strain rate applied during testing
and measuring equipment were housed in an
insulated cabinet which isolated them from
the temperature fluctuations of the cold
room

The measuring instruments were a
linearly variable displacement transducer
(LVDT). thermistor, and temperature cc49
compensated strain gauge load cell. The
Hewlett Packard 24 DCDT LVDT was capable __of measuring def ormations to .00 13 mm.
Load cells of various capacity were used

throughout the experimental program and
were chosen to match the expected sample 7. - 8 h

failure load. The temperature of the triaxial X - %h
cell fluid was measured using a temperature
measuring probe located at the mid-height of L

the sample between the sample and the 2.5 ,/hr
copper cooling coil. This probe was 'A

constructed using a stainless steel tube and an 0.7 %Ihr
Atkins No. 3 thermistor bead (Roggensack.
19771. The thermistor was calibrated using a 0. /hr
quartz thermometer to t 0. 00 1 C; and0-1%h
therefore, measured a temperature to 0.0 1 C
± .0050C. A schematic diagram of the 0.03 %/lir
constant displacement rate loading and
measuring system is shown in Figure 2b. 0

TEST PROCEDURE

The cell and sample were transferred ENGINEERING STRAIN (2)

from the soil preparation room to the cold Figure 3: Stress and temperature
room that contained the constant
displacement rate loading frame. The cooling verse strain for salinity
coils were connected to the constant of 0 gm NaCl/l.
temperature circulation system The ethyelene
gylcol at a temperature of -70C was
circulated through the cell for 24 hours to u

bring the sample to test temperature. The i
temperature mea, iring probe was inserted
into the cell between the cooling coil and the =',

sample and the temperature was monitored.
Once the sample temperature had 6

stabilized the LVDT, and load cell were _

adjusted to their zero reading. The gearing
system of the constant displacement rate
press was adjusted to the desired rate, a
small seating load was applied and the
electronic recording system was started. 18.4 %Ihr
Th oughout the application of constant
deformation rate the load, the vertical
deformation, and the temperature were 3. Mr.
monitored at regular time intervals. The
electronic output data was recorded on a
magnetic tape and subsequently transferred 3. 2
to a central computer for data reduction and
plotting.

EXPERIMENTAL RESULTS

During the experimental program a 0.03 u /hr

total of 26 samples were tested using
average strain rate between 0.03%/hour and a0 0 , S S to

24%/hour. All the experiments were ENGINEERING STRAIN t )
conducted at an average test temperature of
-7.0*C, but in the initial pi ogram the Figure 4: Stress and tenperature

temperature deviated by up to + 1.50 from this verse strain for salinity
value. Figures 3, 4, 5, 6. and 7 record the of 10 go NaC/i.
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Figure 5: Stress and temperature Figure 7: Stress and temperature
verse strain for salinity verse strain for salinity
of 35 gim NaCl/l. of 100 gm NaCl/l.

Table 1 contains a summary of the
sample properties, the test conditions, and the
measured failure results for each sample. The

h. data illustrates that all the artificial samples
were uniform in density and moisture contentThe failure results show that the peakU. deviator stress at failure varies with both thea,, salinity of the pore fluid and the strain rate.
The strain to failure is influenced slightly by
strain rate and by salinity. The Secant Young's
Modulus varies with both strain rate and
salinitV,
DISCUSSION OF RESULTS

C-
Failure Stress

The experiments conducted on the23.3 /;/hr fine sand with and without a Saline pore fluid
illustrate a dependence of the peak failurestress on the concentration of the pore fluid
a plot of the peak failure stress versus strain

3.8 %/hr rate data from this investigation, theexperimental data on unconfined compressive0.83 %/hr strength of sand reported by Ladanyi and
0.75 %/hr Paquin (1978) at a temperature of -6.09C, andENI.LRN the data reported by Ruedrich and PerkinsR 11 0 974) at a temperature of -7 70C.STRAIN (Z) The data of Ladanyi and Paquin atFigure 6: Stress and temperature -6.0C compares well with the data from this

verse strain for salinity experimental program when there was no saltof 35 go NaC/. in the pore fluid. Ruedrich and Perkins' datafor Prudhoe Bay sand at -7.7*C and a salinity
of 97 gm of NaCI/I shows a slightly higher
strength at different strain rates than theexperiments conducted at -7.00C and asalinity of 10 gm/I in this program These twocomparisons indicate that the experimentalresults are consistent with previous studies

of strength and deformaton of frozen sand
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The data plotted in Figure 8 shows the Figure 1 r ncws the variation of the
variation of the peak failure stress with strain proof stress with salinity. The decrease of the
rate and salinity. The effect of salinity is most proof stress with salinity is explained by the
pronounced at the lower strain rates. At each increase of unfrozen water at -7.0 C and the
salinity the variation of peak failure stress decrease in the strength of the ice bonding
with strain rate were represented by th the sand grains together. The unfrozen water
simple power law relationship advocated by content increases with increasing salinity. Ions

are rejected from the water during the ice
Ladanyi (1972k forming process to a hull surrounding the soil

particle,& At very high salinity and a
ri. -L _r In (1) temperature of -7.0C the soil could have all
I-; I the water phase in an unfrozen state and the

Lac unconfined strength would approach that of
wher [ unfrozen sand. In this instance, the power law

denotes me strain rate relationship between strain rate and stress
denotes the proof strain rate would no longer be valid.

,c denotes the axial stress
Oc denotes the proof stress
n denotes the power law exponent Secant Young's Modulus

The proof strain rate is a convenient strain
rate used to normalize the data and Ladanyi The Secant Young's Modulus
( 972) suggests using 0.001%/hour. The determined; for each sample is in Table 1. The
proof stress is that required to maintain the Secant Modulus is defined as the peak stress
proof strain rate. divided by the strain accumusted to reach the

The data from Table 1 at each salinity peak stress. The Secant Young's Modulus
has been fitted with the power law versus strain rate for this research is
relationship to establish the proof stress and presented in Figure 11. The results show a
the exponent n. These results are summarized linear variation of Young's Modulus with strain
in Table 2 for the different salinities. The data rate in the log-log plot.
illustrates that both the proof stress and the
exponent n are dependent on the salinities.
Figure 9 shows the variation of the t0o I
exponent n the power law relationship with
salinity. At low salt contents the exponent is
highly dependent on the value of the salinity V A
but this dependence decreases as the salinity l
increases. No data is available to establish the 0
influence of temperature on the exponent

210

Table 2: Parameters relating Stress
to strain rate at:0

0
Salt Proof n

Content Stress t-, .i m
(grn/I kPa) 4 * 0OIKCLLITO

U U-060 ONl 10CL/LI?
0 1709.20 552 + 100.0ULITO
10 119.80 3.58 1 o-, ,

35 22.10 2.75 1W ie 0 S t ,i Ra, lot to ur
1o0 0.27 1.36 Axial Strain Rate (%/hour)

----------------------- Figure 11: Secant Youngs' Modulus
versus strain rate.

The variation of the exponent n with
salinity is explained by the changing
characteristic of sand-ice bond in the frozen The relationship between strain rate
sand With no salt in the pore fluid, the and Young's Modulus can be represented by a
exponent obtained was 5.52 compared to power law relationship similar to Equation 1
7.03 obtained by Ladanyi and Paquin (1978). having the following fornm
These exponents are higher than thoser
measured for pure ice and are explained by Lt cIL x (2)
the softening effect that me sand has on ice L ciEc
which bonds the particles together. The where
exponent measured for polycrystalline ice is Ec denotes the proof Modulus
3.0 (Sego, '980). The decrease in the at a strain rate of 0.001%/hour.
exponent with increasing salinity shows that x denotes the exponent
properties of the ice and ice-particle The best fit linear relationship through the
interaction is changing At high salinity the data plotted in Figure 11 is given in Table 3.
exponent will decrease to 0.0. since the The exponent and proof Young's Modulus (Ec)
strength of a granular material is independent at each pore fluid salinity is tabulated and
of strain rate over the range of strain-rates indicates that both thelI parameters are
examined in this research program. related to the salinity of the pore fluid The
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varation of the exponent x with salinity is REFERENCES
given in Figure 9; and the variation in the
proof Young's Modulus is contained in 1. Croasdale, K.R., and Marcellus, R.W.,
Figure 10. The explanation for the variation of 1978. "Ice and wave action on artificial

each of these parameters with salinity is islands in the Beaufort Sea" Canadian
similar to the variation of the calculated Journal of Civil Engineering, Vol. 5,
parameter of the flow law given previously. pp. 98-113.
The exponent x evaluated in Equation 2 does 2. Garratt, D.-L and Kry, P.R., 1978.
not vary as much as the exponent n evaluated "Construction of artificial islands as
from Equation 1. This suggests that the Beaufort Sea drilling platforms." Journal
stiffness of the material is not as strain rate of Canadian Petroleum Technology,
dependent as the failure strength of the April.
frozen sand The proof Young's Modulus 3. Iverson, K., and Mourn, J. 1974. "The

shown in Figure 10 has a similar variation with paraffin method-triaxial testing without
salinity to that of the proof stress obtained rubber membranes" Geotechnique, Vol.
from Equation 1. 24. pp 665-670.

4. Ladanyi, B. 1972. "An Engineering theory

Table 3: Parameters relating Secant Moduli ofcreep of frozen soils." Canadian

to strain rate Geotechnical Journal, Vol 9., pp 63-80.
to---rain --at--5. Ladanyi, B. and Paquin, J. 1978. "Creep

behaviour of frozen sand under a deep
Salt Proof X circular load," Proceedings Third

Content Modulus International Conference on Permafrost,
(gm/il) (kPa) Edmonton, Canada, Vol. 1, pp 679-686.

6. Mageau, D.W., 1978. "Moisture

0 19,800.0 3.53 Migration in Frozen Soil." Unpublished
10 2,1200 2.97 MSc thesis. University of Alberta, 146

35 184.0 2.02 p.
100 12.0 1.70 7. O'Connor, M, MacLeod, N, and Blasco,

- --- S. 1979. "Surficial Geology of the
Southern Beaufort Sea" Proceedings:

Strain at Failure First Canadian Conference on Marine

The strain at failure in the experiments Geotechnical Engineering, Calgary.The tran atfaiureAlberta, pp. 67-78.

is tabulated in Table 1. There is no significant 8. Ruedrich, .A. and Perkins. T.K. 1974. "A

dependence on either the salinity or stra study of factors influencing the

rate that can be evaluated. On average, the seuyanifcl properties of deep

strain to failure is about 4.5% with the average mechafrost.prJournal of Petroleum

strain to failure increasing to 6.0% for the ermafrost" Jol o Petroleum

sample with a salinity of 100 gm NaC 1/1. No 9 ehnology, W.D, 1 7 1177.

relationship between strain to failure as a Roggensack, f 1n-7. Pema

function of strain rate is discernible from the Properties of Fine-Grained Permafrost
soils" Unpublished PhD. thesis,

data University of Alberta, 449 p.
10. Savigny, KW., 1980. "Analysis of Creep

in Ice-Rich Permafrost SoiL"
CONCLUSIONS Unpublished PhD thesis, University of

The results of this experimental study Alberta, 
4 3 9 p.

the regt deformation behaviour of 11. Sego, D.C., 1980. "Deformation of Ice

on the strength and deoreationdcate under Low Stresses." Unpublished PhD.
frozen sand with a saline pore fluid indicate thesis, University of Alberta, 429 p.

the following 12. Van der Wal, J.U. 1982, "Artificial island
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FROZEN SALINE SAND SUBJECTED
TO DYNAMIC LOADS

Hans L. Jessberger, Prof. Dep. of Civil Engineering
Peter Jordan, Dipl.-Ing. Ruhr-Universitdt Bochum

Federal Republic of Germany

Little is known about the behaviour the underwater side slopes of the island
of frozen ground subjected to dynamic in deep water are designed as sacrificed
loads whereas since a long time the beach (Croasdale and Marcellus 1981).
strength and the creep of frozen soil Special structures are used and deve-
subjected to static loads were investi- loped to hold the ice loads of packice,
gated. In this paper the test method, ice ridges etc. in the wave zone. The
the equipment including the stress or Tarsiut prototype island is topped with
strain control-system, and the measure- concret caissons which should resist the
ment devices for cyclic loaded triaxial ice forces. These caissons are filled
tests are described. A similar method with sand or gravel. Another possibility
is used succesfully to investigate the is to freeze the soil inside the island
dynamic behaviour of unfrozen soils in under the protection of construction
offshore and earthquake engineering. The elements in order to reduce the dimen-

sample preparation providing a constant sions of the structures.
density and a certain salinity is also
described. Test results showing the in- The frozen soil mass within the
fluence of temperature and frequency on sand island has to be stable against
the elastic and plastic deformation cau- high ice loads for many years. The ice
sed by cyclic triaxial loadings are re- will fail in crushing the contact face
ported and discussed, of the retaining structure. Therefore

it is to be assumed that the frozen soil
INTRODUCTION mass is loaded dynamically by the ice

loads. In order to investigate the time
Since 1973 17 artificial islands dependent deformation behaviour of the
Sinc 17 17a , sartial sisltas frozen soil body loaded by ice, dynamic

made of gravel, sand and even silt have triaxial tests where performed on water

been constructed in the offshore waters saturated soil samples with 3 % salinity

of the Canadian Arctic. Artificial is-

lands are also planned to be built in KIND AND MAGNITUDE OF ICE LOADS
the Alaskan Beaufort Sea and in New
Foundland waters. Artificial islands in Some considerations and full scale
the Beaufort Sea are built in water ice force measurements (Kry 1979, Metge
depths down to 19,5 m. The latest deve- et al. 1981 and Matlock et al. 1969)
lopment goes in the direction of buil- show that the ice loads forcing against
ding in island in water depth of 60 m wide structures lead to local stress va-
4c Kopanoar (Anonymus 1981). riations instead of permanent load on

the total contact area. It was found
The increasing water depth in which that the total stress effective against

artificial islands sh.'uld be built re- the total interaction width is smaller
quires increasing masses of sand fill.To than the maximum local stress (Fig. 1).
withstand a collision with an ice island
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-- ALLFig. 1: ZONE~
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Fig. I: Statistical influence on peak expected stress as a function
of structure width (Kry 1979)

To analyse the stability of the These dynamic ice loads working
sand island as a whole, the reduced against the protected frozen soil body
stress related to the total interactini are simulated in a triaxial shear appa-
width is to be used; according to Kry ratus. The constant cell pressure a isc.
(1979) the maximum ice load equal to the vertical in situ stress; in
which equals the maximum ice strength the tiiaxial test the dynamic axial
can be reduced by 50 Z. 3ut the de- stress is simulating the horizontal in
sign of single parts or zones of the situ stress caused by the dynamic ice
sand island should be based on dynamic load and the overburden pressure. The
ice loads. In this study it is assumed stress conditions shown in Fig. 2 repre-
that the ice load reaches 2,8 MN/m2 as sent the stresses in an element of
peak value, the frozen soil near the water line. The

cyclicly changing axial stresses a .
and a are leading to the dynamic

stress path which loads the frozen soil
[MN/m') samples. It is obvious that in a shear

plane of 45* a changing shear stress is
produced. But the amount of the positive

DYNAMIC shear stress is much higher than that of

STRESS PATH the negative one.

TEST CONDITIONS

_ _ _ _ _WNW_] Soil-Sample Preparation

In the dynamic triaxial shear tests
Ov a fine sand is used with properties
= Lgiven in Table I.

Property Value

Specific Gravity 2.65
Minimum Density 1.33 t/m3

Fig. 2: Stress conditions for dynamic Maximum Density 1.61 t/ms

shear tests Average Grain Size 0.19 -
Coeff. of Uniformity
Cu - D60 /Dj0  1.43

Table 1: Properties of Fine Sand
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The samples were prepared by pluvial apparatus is shown schematically to-
deposition of the dry sand from a hopper gether with the periferal modules. The
hanging in constant distance above the servohydraulic actuator operates in a
just reached sand level in the mould. By closed loop system which recently is in-
this way a constant sample density ID was troduced into materials testing. The ac-
reached. After this the sand sample tuator (4) is loading the frozen sample
(h/d - 20/10 cm) was saturated with sa- (5) vertically, and the system ivorks in
line water of 3 % salinity. Before satu- the following way:
ration the air in the pore space was re-
placed by CO2 to avoid air conclusions High pressure oil from the power
in the water. Finally the sample inclu- pack (9) is delivered through a servo
ding the preparation mould was chilled valve (3) to the hydropulse actuator (4)
down to -20°C. which in return loads the soil sample (51

The test force is measured in the form
Dynamic Shear Apparatus of a voltage by a load cell (6) and its

associated signal conditioner (7). The

For the tests for simulating the output of the displacement transducer
above described in situ conditions the (6a) installed in the base of the actua-
special triaxial shear apparatus "TSW- tor is used as controll parameter. In
Apparatus lIb" is used. In Figure 3 this the servo controller (2) the feedback

X-V RECORDER @ LOAD CELL

MAGNETIC TAPE RE CORDER (@ AMPLIFIER 1 O DN

PIP ACKMN RM

( RE FRIGERATION

DIGI1TAL UNITDISPLAY I ( ALEr IGi

G~AGE

@)PISTON

CYCLE COUNTER @ ' FROZEN 
Is ' CO FNIN G

S A M P L E .. p R E _i SU R 9

@TWINWALL -

COOLANT T
TUBE

[ .. TEMPERAT URE

1P'6 > (ACTATORMEAUREENT

FUNCTION ( (

GENERATOR (DERO
COMMAND CONTROLLER
SIGNAL POWER i
CONDITIONER AMPLIFIER SERVO PLACEMENT

VAV TRANSIDUCER

@' HYDRAULICJ

SPOWER

Fig. 3: Dynamic triaxial shear apparatus (TSWd llb) with signal flow diagram
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signal is continuously compared with a
command signal which is produced by the
function generatoc (1). The power ampli- STRAIN
fier (2a) converts the resulting diffe-
rence into th- controll signal for the AE.

servo valve (3). The function generator
(1) produces sine , triangular and square A0,
wave forms.

The system i. connected with para- E=At
meter readout and recording units. The
data of displacements are recorded by
multichannel recorder or by tape (8).With t0TIME
periodic signals the peak values are
stored and displayed at the digital dis-
play unit (8a). Fig. 4: Typical test result of the dyna-

mic triaxial shear test, schema-
The frozen soil sample with 10 cm tically

diameter and 20 cm length can be loaded
vertically by a maximum stress (static TEST RESULTS
or dynamic) of 5 MPa and horizontally
by a static cell pressure of max. 1 MPa. The stress and time dependent defor-
The limit frequency of the system depends mation behaviour of frozen soil is usual-
on the magnitude of the dynamic load and ly investigated by creep tests. In Lhe
of the piston amplitude. Testing frozen literature many papers are dealing with
soil the limiting frequency can reach at this characteristic behaviour of frozen
the most 60 to 80 Hz. soil, s.e. Vyalov (1962) and Klein (1978).

Creep tests with statically loaded sanijes
The sample is frozen with the help should be nominated as static creep tests,

of a twinwall tube (13). In the space while the tests for investigation of the
between th- two tube walls the coolant is vertical deformation of frozen soil
circulating. To make the heat transfer samples subjected to dynamically acting
from the twinwall tube to the cell fluid vertical stress should be nominated as
easier, at the insid of the wall many dynamic creep tests. It is assumed that
carves are cut to increase the contact the creep behaviour of frozen soil is
surface. It was found in preliminary tests influenced by dynamic stresses in simi-
that this system leads to constant tem- lar way as by static stresses. Therefore
perature fields around the frozen soil this paper is concentrated on the influ-
sample. At three points outside the soil ence of frequency and temperature on the
sample the temperature was measured using creep behaviour of dynamically loaded
thermistors with the result that the re- saline soil.
quested temperature is constant within
a tolerance of + 0,2°C. The test results presented in Fig.5

and 6 are received from tests with the
Test Method stress path of Fig. 2. Fig. 5 shows the

increase oi minimum vertical sample de-
The saline soil sample already in formation with time.These dynamic creep

frozen conditions is placed into the tri- curves are strongly frequency dependent.
axial shear apparatus and subjected to While the data of Fig. 5 are related to
a sinoidal dynamic axial loading. Figure a sample temperature of T = -10*C, in
4 shows schematically a triaxial test re- Fig. 6 the temperature dependency of
sult. The dynamic stress leads to a the dynamic creep behaviour of the frozen
cyclic vertical strain c. Ac e as the soil is shown. Again this curves are
difference between the maximum c and typical creep curves with continuously
minimum cin vertical strain is caled decreasing strain rate. The time harde-
the elastic strain. The Modulus of dyna- ning effect is obvious on the Figures
mic deformation is given by the following 5 and 6. Strong influence of frequency
relation: and temperature on the remaining time

dependent vertical strain is also clear-
A= i ly shown.

el
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Fig. 5: Effect of frequency on the creep behaviour
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Fig. 6: Effect of temperature on the creep behaviour
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In extension of Norton's power law The Modulus of dynamic deformation
developed for high temperature metallur- characterizes the deformation behaviour
gy the test results are taken to formu- of the frozen soil under investigation.
late the following empirical relation. From Fig. 7 the strong influence of fre-

= D * ITIG . I E F quency on the Modulus of dynamic defor-mi ' D t mation is obvious. It should be empha-
sized that thesecurves are valid for

Smin Minimal vertical strain specimen temperature of -10C and also

T temperature in *C for the test conditions of Fig. 2. The
f ftests also showed.that temperature whichfrequency in Hz is in the range if -5 to -15C has a

t time in hours minor influence on the Modulus of dyna-
mic deformation E. But with increasing

The following material parameters load frequency the deformation Modulus
are found from the test results: ! increases. This finding is in good

agreement with the results reported by
D - 0,6698 [(c)' * (iiz)E . h-F  Vinson et al. (1978).

G - -1,9266

E - 0,176 CONCLUSION

F -0,395 A series of dynamic triaxial tests was

The relationship given above is only performed to study the deformation be-
valid for f > Hz, T < O*C. haviour of frozen soil samples loaded

dynamically. Fine sand samples of 3 Z

The dotted lines of Fig. 5 and 6 salinity with 10 cm diameter and 20 cm
are representing the application of the height were tested at temperatures be-
above given relationship to the investi- tween- 6 ,3 and -15"C. The dynamic stress
ae gaie reinship. tbioushe v e path was chosen with respect to stress
gated saline frozen soil. Obviously there conditions within a frozen soil mass

is a very good correlation between test loaded bytdyn a fores.
resuts ad caculaion.loaded by dynamic ice forces.results and calculation.

S[MN /m21

1100- o fl 1Hz
T =-106C 4

900 " =0.1 Hz--

800 "D----- D 2D

700 -0-0- D4___

600- I

500 !0 3 t h1 6 D[ ]
5 10 15 20 25 30 35 40 45 50

Fig. 7:Modulus of dynamic deformation versus time
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It was found that the load frequen- Metge, M., Danielewicz, B., Hoare, R.
cy has strong influence on the deforma- (1981), On Measuring Large Scale Ice
tion behaviour of the material under in- Forces; Hans Island 1980, The 6th In-
vestigation in that way, that with in- ternational Conference on Port and
creasing frequency the Modulus of dyna- Ocean Engineering under Arctic Condi-
mic deformation increases while the time tions, Vd. II, July 27-31, Quebec, Ca-
dependent remaining deformation is de- nada, pp. 629-642
creasing. Within the test period of 50 Vinson, T.S., Chaichanavong, T. and
hours all samples show a decreasing
strain rate which means that the tertia- Czajkowski (1978), Behaviour of Fro-
ry phase was not reached. zen Clay under Cyclic Axial Loading,

Journal of the Geotechnical Engineer-

ing Division, ASCE, GT7, July, pp. 779-
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BOND AND SLIP OF STEEL BARS
IN FROZEN SAND

0. B. Andersland, Professor of Civil Engineering, Michigan state university,
East Lansing, Michigan, USA

M. R. M4. Alwahhab, Graduate Research Assistant, Michigan State University,
East Lansing, Michigan, USA

ABSTRACT can be described as the shearing stress

A frozen soil mass (bean) subjected or force between the reinforcement member
to an external bending moment may fail and surrounding soil. Bond includes

because of a weakness in tensile strength, three components: (a) ice adhesion, (b)

Use of tension reinforcement members in- friction, and (c) mechanical interaction

troduces questions relative to load trans- between frozen soil and surface roughness

fer at the interface with frozen soil, of the reinforcement member. Bond of

Bond at the interface can be described as plain bars depends primarily on the first

the shearing stress or force between the two components. Bond with deformed bars

reinforcement member and surrounding fro- depends primarily on mechanical inter-

zen sand. This experimental study in- locking.

volved measurement of three bond compon- This experimental study involved
ents - ice adhesion, friction, and mech- measurement of ice adhesion, friction
anical Interaction between frozen sand and mechanical interaction between frozen
and bar surface roughness. Initially, sand and surface roughness of steel bars.
adhesion combined with friction prevents Test variables affecting results of pull-
slip. After adhesion is broken and par- out tests included bar displacement or
tial slip has occurred, a small residual loading rate, temperature, bar size, and
value for adhesion and friction controls lug size. Initially, adhesion of ice to
the pull-out load. introduction of bear- the steel bar prevents slip. As displace-
ing action of frozen sand on a single ment increased, friction and mechanical
lug greatly Increased the pull-out load, interaction contributed to the pull-out
This load can be estimated using a steady load. When a single lug was added to the
displacement rate equation based on cay- bar, bearing action of frozen sand on the
ity expansion theory. Data presented In- lug restrained bar movement giving rise
clude the effects of loading and dis- to a much larger pull-out load. Compar-
placement rates, temperature, bar size, isons are made between observed pull-out
and lug size on the pull-out load, loads and predicted lug bearing on frozen

sand based on cavity expansion theory.
INTRODUCT ION Experimental data are susmarized in

Design of frozen soil structures terms of the test variables.
requires that suitable criteria be avail-
able for selection of allowable stresses SPECIMENS AND PROCEDURES
in the frozen earth. A frozen soil mass Pull-out Spiwcimens. The frozen
(beam) subjected to an external bending sand pull-out sample shown in Figure 1
moment may fail because of a weakness in was 152 mm in diameter by 152 mmn high
tensile strength. introduction of ten- and consisted of '.edron sand frozen
sion reinforcement, either rods or struc- around a steel bar centered vertically in
tural members, leads to questions rela- the mold. The sand consisted of sub-
tive to load transfer at the interface angular quartz particles with a uniform
with frozen soil. Bond at the interface gradation (size range of lfl5 pmn to 595 amn)
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and a coefficient of uniformity equal to LOAD
1.50. All samples were prepared in split LEAD WIPR TO
steel molds with a sand volume fraction FORCE TRANSDUCER
cloie to 64 percent based on preweighed
sand quantities. This density was com- MOUNTING BRACKET 0
parable to values normally encountered in FOR DISPLACE- THERMISTOR
the field and insured the development of MENT TRANSDUCER /,LEAD WIRE
dilatancy and interparticle friction in
front of the lugs. To insure a high de-
gree of ice saturation (about 97 %1 molds i
7,ere partially filled with distilled water
and sand was slowly poured into the water
permitting air bubbles to escape to the
surface. The sample was tamped to give
the desired packing. All samples were

frozen at close to -20 °C for about 12
hours. After removal from the mold,
rubber membranes (double thickness) were
placed, a& shown in Figure I, to protect ROD.,".
the frozen sample during Immersion in the .'

circulating anti-freeze/water coolant I

mixture. Data read-out from the therm- LUG C;

iitcz embedded in i-he frozen sample told LOAD -FROZEN SAND
when sample temperatures were ready for FRA4E N SAML'
testing.

Saooth cold rolled steel bars with ,

diameters of 2.38, 4.76, 9.52, and 15.87
mn wera frozen into the sand samples. A
thraded portion at both bar ends permit- EMBRANE REACTION PLATE

ted easy hook-up to a reaction hook at 
LH -

o EASY HOOK-UP TO
the bottom of the coolart tank and mount- 0 REACTION AT
ing of a displacement trarsducer at the BOTTOM OF TANK
upper bar end (Figure 1). Lugs welded to
the 9.52 mm diameter bar, shown in Figure
2b, included heights, h, of 1.59, 3.17, Figure 1. Equipment for pull-out tests

and 4.76 mm and a length, L, of 12,7 mm. including sample, steel rod with lug,
Lug heights were limited to 4.76 mm so as and loading frame imnersed in the cir-

to avoi failure in the 9.52 - steel bar. culating coolant.

ClearanL between the bar and reaction
plate wa. maintained at close to 1.6 m shown in Figure 1. Sample temperatures
for all bar diameters by use of a remove- were controlled by circulating an anti-
able steel washer in the reaction plate freeze/water coolant mixture from an ex-

ternal refrigerated bath around the pro-

Test Procedure. Both constant dis- tected sample and loading frame.

placement rate and constant load (creep)
pull-out tests were conducted using the EXPERIMENTAL RESULTS

loading frame shown in Figure 1. During Pull-out tests included two types,
the pull-out test a constant displacement (1) constant displacement rate and (2)
rate was maintained by a Graham variable constant load (creep), on a frozen Wedron
speed gear box mounted an a 44.5 kN (10 sand with ice saturation close to 97 per-
kip) capacity Soiltest load frame. The cent. Load displacement curves for smo-
same Soiltest load frame with a lever oth 15.87 mm bars at several temperatures
system and dead weights was used for the and a displacement rate of 11.4 um/min are
constant load (creep) pull-out tests, shown in Figure 3. In all cases the max-

Movement of the bar relative to the lower imtm load developed at very small displace-
reaction plate and soi sample was moni- ments, about 20 to 50 n. At rupture a
tored using a displacement transducer small bar displacement occurred and the
mounted on the bar above the coolant Ii- load may drop to zero before development
quid with the core mounted on a rod ex- of a residual load. Colder temperatures
tending down to the reaction plate. Loads increased both the maximum and residual
were monitored by the force transducer loads. Experimental data from tests on
attached to the top of the loading frame smooth bars at other loading rates and
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38 ~l curves for this bar and lug combination

are summarized in Figure 4. Colder tem-

7'. 'peratures again increased the pull-out
4loads. The displacement curves show the

(a) BAR DIAMETER same initial behavior characteristic of

smooth bars followed by a drop or reduced
__________ _ rate of load increase. Additional lug

displacement mobilizes frictional and di-

(b) .J4- -LUG HEIGHT, h latancy strength components of the frozen
LUG LENGTH, L sand in front of the lugs leading to in-

creased pull-out loads. The ultimate load
Figure 2. Bar configuration. a) Smooth developed at displacements close to 5 =
bar. b) Smooth bar with 90-degree lug. followed by a relatively constant load.

Bar slip with lugs can occur in two ways:
bar sizes are included later in the dis- (1) the lugs can pust. frozen soil away
cussion section. Data for constant load from the bar (wedging action), and (2)
(creep) tests on smooth bars were not densification can occur in front of the
available when this paper was written. lugs. For the sample size shown in Figure

For smooth bars adhesion and fric- 1, 152 am diameter by 152 mm height, only
Fionar mothars aesioni d fori- densification was observed with pressurestion are primarily responsible for devel- a ihrpl-u od ufcett

opment of the pull-out load. To increase a ihrpl-u od ufcett
omehnical ofterpullo lad. Tongle inccrush the quartz sand in a small zone in
mehaias wld ieton ae si.gle 3.17 bfront of the lugs. Data for other lug

sizes are given in the discussion section.

Constant load (creep) pull-out tests
conducted on the frozen sand using a
smooth 9.52 mm bar with a single 3.17 um

T= -15 °C  lug (Figure 2b) provided the data summar-
8 ized in Figure 5. A step loading procedure

with time intervals sufficient to permit
development of steady state creep provided

7 more data per soil sample. More time was
usually required on the first load incre-
ment to insure development of steady state
creep. Increased densification of frozen

6 sand in front of the lug along with some
redistribution of ice through pressure
melting, water flow to adjacent regions

5 -10 0. of lower stress, and refreezing explains

3 -6 0°C

T~ -2'

0 .025 "1.25 .5 .75 1 1.25 1.5 1.75 2 2.25

DISPIACEMENTrrf, m

Figure 3. Load-displacement curves for smooth 15.9-rn bars in frozen
sand at several temperatures and a displacement rate of 11.4 um/min
(data from Alwahhab, 1982).
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Figure 4. Load-displacement curves for smooth 9.52-mm bars 
with a 3.17-mm

lug in frozen sand at several temperatures and 
a displacement rate of 11.4

umfmin. (data from Alwahhab, 1982).

some of the mechanisms operating during interaction between frozen sand and rough-

the creep pull-out test. At higher creep ness of the bar surface. Single lugs were

loads sand particles in front of the lug welded to smooth bars to increase mechan-

were crushed giving a small zone contain- ical interaction. A comparison of load

ing quartz powder. A failure strain displacement curves (Figure 6) for a 9.52

(start of tertiary creep) was not observed mm smooth bar in polycrystallilne ice and

within the displacement limits (about 35 frozen sand and a duplicate bar with a

mm) of the loading frame (Figure 1). 3.17 mm lug height in frozen sand provides

Creep pull-out test data are smnmarized information on the contribution by each

in the discussion section. bond component. Ice adhesion tolerates

very little bar displacement with rupture

DISCUSSION occurring for displacements less than 50

Bond Components. Load transfer at m. A residual adhesion develops after

rupture and equals less than 5 percent of

the interface between tension reinforce- the initial value in Figure 6. Friction

ment members and frozen sand includes between sand particles and the bar adds to

three components: (1) adhesion of ice to the pull-out loadat anll displacements.

the steel bar, (2) friction between 
sand The rigid quartz particles embedded in

particles and steel, 
and (3) mechanical
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TEMPERATURE = -10 0 C

9.52 -m BAR

12 3.17 mm LUG = 6.43 m/min
* P =12.37 kN

0

0 400 800 1200 1600 2000 2400 2800
TIHE, t, mmn.

Figure 5. Constant load (creep) curves for step loading on a smooth
9.52-mm bar with a 3.2-mm lug in frozen sand at -10oC (data from
Awahhab, 1982).

the ice matrix appeared to add to the mi- tion of ice matrix and embedded sand par-
tial adhesion and after rupture added to titles be disturbed before the initial
the residual pull-out load. It appears rupture will occur. This increase over
reasonable to separate ice adhesion and the load with no lug, shown in Figure 6,
sand friction as shown in Figure 6 was close to 75 percent. After rupture

the load decreased until friction andIntroduction of the single lug on the dltnycmoet fsn nfoto
smooh br icresedboththeiniialand the lug were mobilized by lug displace-

ultimate pull-out loads for the frozen
ment. The pull-out load increased to ansand. The lug requires that a larger por-

14 TEMPERATURE = -10 oC I0
SMOOTH 9.52 om BAR

12ROZEN SAND |

4

10 vg =  .4 um/min

4 F FRCTN+ICE ADHESIONT A

3 - "-, P .21.0"" 2 3 4 6 7

N0o DISPLACEMENT, mi, n.

Figure 6. Load-displacement curves showing the contribution of ice ad-
hesion, friction, and lug bearing to the ultimate pull-out capacity
(data from Alwahhab, 1982).
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ultimate value close to 5 mm displacement tests on smooth bars with lugs suggest a
followed by a relatively constant load. temperature dependence similar to that
The mechanical interaction (lug bearing) observed for uniaxial compression tests
appeared to be the contribution after ad- on frozen sand.
hesion and friction were subtracted from Lug Size. The influence of lug size

-1 Cthe presure d o ths lugatte u- on pull-out loads for frozen sand was de-
-1iate pull-oure load was abugt 102. ula termined using three 9.52 m smooth bars,
(14,871 psi). la a aot10. ~ each with lug heights of 1.59, 3.17, and

(14,71 pi).4.76 mmn, respectively. Constant displace-
Temperature and Loading Rate Effects. ment rate ( vg=1 2 '5 pim/mmn) pull-out

The bond components - adhesion, friction, tests provided the data suimmarized in
and mechanical interaction - all increased Figure 8 showing ultimate loads as a
with colder temperatures and increasing function of the ratio of lug area divided
loading rates as shown in Figures 3, 4, by bar area. The curves do not pass thru
and 7. The ultimate bond strengths re- the origin becaus.ie total loads plotted
ported in Figure 7 are average values include ice adhesion, surface friction,
with individual data points interpolated and mechanical interaction with bar sur-
to the given loading rate on the basis of face roughnass. The lug contribution
strength versus loading rate curves. A equals the ultimate load less the residual
uniform stress was assumed along the en- adhesion and friction developed at larger
tire embedded portion of the bar at the displacements. The curves show that the
ultimate pull-out load. The bond strength ultimate loads do not increase in a linear
for the smooth bars (Figure 7) shows a proportion to increase in lug area. A
linear relationship with temperature at temperature decrease from -10 0C to -200C
the slow 25 N/mmn loading rate. At higher significantly increased the lug contribu-
loading rates strength increased more ra- tion to the ultimate pull-out load.
pidly with decrease in temperature down Data for constant load (creep) pull-
to -5 0C. At colder temperatures the in- out tests are suxasarized in Figure 9 with
crease in strength was similar to that for load and displacement (creep) rates both
the slower loading rates. Preliminary plteonogrhmcsas.Atp
data for constant load (creep) pull-out plteonogrhmcsas. Atp

2.0

AVERAGE [3
LOADING

0.5

0 -5 -10 -15 0 -20 -25
TEMERATURE, T, C

Figure 7. Temperature and loading rate effects on the bond strength of
frozen sand to a smooth 15.87-mm steel bar (data from Alwahhab, 1982).
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Figure 8. Lug size (height) effect on the ultimate pull-out
load of smooth 9.52-mm bars with 90-degree lugs in frozen sand
(data from Alwahhab, 1982).

loading procedure permitted several data steady state creep to develop. This
points to be obtained for each test. The would cause observed creep rates to fall
data suggested a straight line relation- to the right of the correct creep rates
ship for each lug size, and since the dis- which appears to be the case for several
placement mechanisms in the frozen soil data points in Figure 9. A comparison
should be similar, it appeared reasonable of pull-out loads for a displacement rate
that the lines would be parallel. The of 12.5 m/min shows 12.81 kN for the
dark data points in Figure 9 represent constant displacement rate test and 14.23
the first load increment for the step kN for the constant load (creep) test.
loading procedure illustrated in Figure 3. This difference, about 1.42 kN, appears
Straight line relationships indicate that to develop because of greater sand den-
the data points from additional load in- sification in front of the lug with the
crements are equivalent to single step creep type of pull-out test.
load creep tests. Some data scatter,
especially for the first step load, ap- Pull-out Load Prediction. The pull-
pears to be due to insufficient time for out load for a smooth bar and single lug

40 .'''' ' w,', , I . . .,.,.i " i. ,,fI, ,•,-, ,1 , ,,

h = 4.76 nun - h = 3.17 mm
20 " - ........- -- -

20
6 .

4 .. TEMPERATURE -10O C"

2 I i . I I i I I.* **•l , _

.4 .6 1 2 4 6 10 20 40 100 400 1000

DISPLACE NT, tc, omfmin

Figure 9. Lug size (height) effect on load displacement rate cu.-ves for
creep tests with smooth 9.52-mm bars and 90-degree lugs in frozei sand
at -100C (data from Alwahhab, 1982).
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can be estimated using cavity expansion 5 mm bar displacement was required to
theory (Ladanyi and Johnston, 1974). Vis- mobilize particle friction and dilatancy
ualize the pull-out load (lug bearing) as in front of the lugs.
the difference in bearing capacity of two 2. Colder temperatures and larger
concentric cl:cular footings with radius displacement or loading rates both in-
of the smaller footing rl equal to that creased the bond components - ice adhes-
of the bar and radius of the larger foot- ion, friction, and mechanical interaction.
ing r2 equal to that of the bar plus lug Experimental relationships were determined
height- Neglect the small residual ice for temperatures of -2 °C to -20 °C and
adhesion and friclion between the smooth constant loading rates ranging from 25
bar and sand particles. Consider, for N/min to 9500 N/mn.
example, a displacement (creep) rate c=  3. Observed ultimate pull-out loads
25.4 im/min corresponding to a 3.17 mm for smooth bars with lugs was greater for

lug and observed pull-out load on Figure constant load (creep) tests as compared

9. Mechanical properties for the quartz to constant displacement rate tests. The

sand (Bragg, 1980) include a proof stress

in uniaxial compression Ocue = 12.928 MPa difference appears to be a result of
(1875 psi) at -10 °C, aybitrary strain greater sand densification in front of
rate p = 6 x 10- 5 mn- , creep parameter the lugs during the creep process.

n = 11.765, a failure strain Ef= 0.06 4. Mechanical interaction between

observed to be independent of temperature frozen sand and ligs on smooth steel bars

and strain rate, and an angle of internal produces a pull-out load which can be

friction = 30 degrees with flow value estimated using a steady displacement

Nj = (I + sin j)(l - sin 6)-l equal to rate relationship based on cavity expans-

3.0. The footing (lug) pressure q may be ion theory. Comparisons of predicted and

computed by substituting values into the observed pull-out loads were in reasonable

steady settlement rate equation: agreement.
n
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where the term A cup = 5.023xl , Science Foundation Grant No. CME-7915784

degree of friction mobilization '1)= I, and by the Division of Engineering Re-

confining pressure Po = 0, and cohesion search, Michigan State University. Their

c = (u/2NjY.,/tf l/n equals support is gratefully acknowledged.

4.454 MPa. The time to failure tf= Sf/ REFERENCES

= 0.2 (2 r2)/6c = 125 min. Compute the 1. Alwahhab, M.R.M., "Bond and slip ofsteel bars in frozen sand," unpub-
lug pressure q = 134 MPa. Using the lug
area (1.267 x l0

4 m 2 ) gives the pull-out lished Ph.D. thesis, Michigan State

load P = (1.267 x 10-
4
) 134 = 17 kN. University, East Lansing (in prepara-

Comparing 17 kN with the measured value 2 tion, 1982).
omparing.1 kN ditte eas led ale 2. Bragg, Richard A., "Material proper-
of 15.84 kN indicates reasonable agree- ties for sand-ice structural systems,"
ment. The difference between predicted unpublished Ph.D. thesis, Michigan
and observed pull-out loads may be due to State University, East Lansing, 1980.
(1) inaccuracies in measurement of the 3. Ladanyi, B., and Johnston, G.H., "Be-
steady displacement rate for the lug, (2) havior of circular footings and plate

differences in shape factor for a circular anchors in permafrost," Canadian Geo-
footing versus the ring lug bearing, and technical Journal, Vol. 11, No. 4,

(3) the assumed failure displacement equal 531-553, 1974.
to 20 percent of the lug (footing) dia-
meter. Additional studies are currently
in progress.

CONCLUSIONS

I. Bond between frozen sand and
steel bars includes ice adhesion, surface
friction between sand particles and the
steel bar, and mechanical interaction be-
tween sand and lugs welded to the bar.
Ice adhesion ruptures for bar displace-
ments approaching 50 im or less. About
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EXCAVATION RESISTANCE OF
ARTIFICIALLY FROZEN SOILS

Arvind Phukan, Assoc. Professor
Civil Engineering, University of Alaska

Shinji Takasugi, Graduate Research
Student, University of Alaska

ABSTRACT criteria obtained during the cutting
The ground freezing techniques which process. The results of this study may

are often used to stabilize "trouble- be used efficiently to design machine
some" earth materials may be involved cutting tools for the excavation of arti-
in the excavation of artificially fro- ficially frozen soils.
zen soils. It is very important to
determino the excavation resistance of 1.0 INTRODUCTION
these soils at different temperatures
so that an appropriate excavation cut- Various investigators (Ref. 1,2,3,4
ting machine may be built to handle such and 5) reported the results of theoreti-
civil enqineering conastruction problems. cal as well as experimental studies on

This paper presents the results of a the mechanics of cutting soils an'd rocks
systematic laboratory study on the ex- under different parameters such as width
cavation resistance of artificially of tool, rake angle, cutting depth,
frozen sand and silt. An apparatus is speed and so on. However, little data is
developed to simulate the field excava- available on the cutting characteristics
tion technique in the laboratory. Fro- of frozen soils. As the artificially
zen sand and silt soil samples at dif- freezing technique is becoming popular
ferent temperatures, -30C to -14.5*C to stabilize many "troublesome" earth
(5.90F to 26.60F) are tested at differ- materials, the excavation or cutting of
ent rake angles, cutting depths and cut- frozen soils is of great importance to
ting tool widths. Relationships are designers and construction engineers.
found for the cutting resistance against Based on failure characteristics of
rake angles and cutting depths at dif- frozen soils under different temperatures
ferent freezing temperatures. it will be useful to examine excavation

The studies show that a critical rake techniques which will face least resis-
angle approximately 350 at which the tance to frozen soils.
tangential resistance is minimal, exists This paper presents the results of a
for frozen silt at a particular freezing systematic laboratory study on the exca-
temperature. This tangential resistance vation resistance of artificially frozen
increases with lower temperatures of sand and silt with temperatures varying
frozen silt. The testing of frozen Otta- from -3*C to -14.5oC. Relationships are
wa sand and concrete sand did not show obtained between rake angle, resistance
such a relationship. The-failure charac- and cutting depth for these soils at dif-
teristics of frozen sand and silt were ferent freezing temperatures. The failure
also different during the cutting pro- characteristics of frozen silts and sands
cess. Triaxial tests were also carried under the simulated excavation technique
out on the artificially frozen sand-z and are evaluated. Shear strength parameters
silts at different temperatures. These obtained from the standard triaxial tests
results are compared with the failure are compared with the cutting process.
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Based on laboratory studies, it is envi- Cutting depth: ... angles were
sioned that effective cutting tools may varied to test ifferent samples at dif-
be designed to excavate frozen soils. ferent freezing temperatures varying

from -30 to -14.50C.
2.0 LABORATORY STUDY After the test, the failure character-

i~tics of the tested sample were noted
2.1 Apparatus and Test Procedure and photographed. The test duration var-

ies from 2 to 4 hours. Four differentThe laboratory studies were carried tools were used and their descriptions
out with an apparatus which was designed are illustrated in Fig. 2(a). Also, the
by the authors and built at the Geophysi- tool widths were varied and a relation-
cal Institute's workshop. A photographic ship between the resistance the the tool
picture of the apparatus is shown in Fig. width was obtained (Ref. Fig. 2(b)) to1. The apparatus consists of a box 8x determine the desired cutting width of
10"x4" resting on two screw-driven tracks the tool for the experimental studies.
and a cutting tool which is mounted on
bolts and plate frame arrangements.
Samples are placed in the box which is
insulated except for the top and the cut- I no "a
ting side of the sample. A variable speed 3 ,2 ,P
motor is mounted to drive the sample box 4 1 1

toward the cutting tool, whose orienta- Wt A.91,

tion may be changed to meet the required
cutting depth. , I.Io. ".

a) CUtTsTOOL DESCIPTION

1000

'I

Silt: • M o
500 . •.3oc

CuttingDaV- . 0.8

0

b) CUJTIN TOOL W10Th
FIG. 2

2.2 TEST RESULTS

Two types of sands, Ottawa sand andFigure 1. concrete sand, were tested at the freez-
Photographic View ing temperature of -10.10C. The gradation
of Apparatus of tested sands is given in Table 1. The

resistance obtained at different cutting
depths with varying tools for the tested
sands is presented in Fig. 3(a). FigureInitially, the sample is placed in the 3(b) illustrates the relationship betweencold room for 24 hours to attain the re- the rake angle, the tangential resistance

quired test temperature. The temperature (RH) and normal resistance (Rv) of Ottawa
of the cold room is monitored until a sand at a cutting depth of 0.6 inch. Ex-
constant desired temperature (tO.50C) is perimental results on silt samples tested
obtained. After a duration of 8 hours at temperatures of -3.00C, -8.3*C and
constant temperature, the prepared sample -14.5% are shown in Figures 4 through 9.
is tested at a speed of around O.1"/sec, Figures 4, 6 and 8 show the relationship
An automatic chart recorder is used to between the resistance and the cutting
monitor the tangential (RH) and normal depth with varying cutting tools at dif-resistance (Rv) of frozen soil as the ferent temperatures. The critical relation
sample was moved against the cutting tool. ship between the rake angle and the re-
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sistance at a particular cutting depth
(around 0.6 inch) for the tested silt 0 -_Lzt-9C
samples is presented in Figures 5, 7, 9. 0

Typical resistances of frozen samples 400.

during a cutting travel are illustrated
in Fig. 10.. 1 Ct ,,D-th *

0 (10)

Table 1. Gradation of Sands
200 2%

Particle Concrete Sand Ottawa Sand x
Size(mm) % Passing x

2 74 100
1.19 66 100
0.42 50 36 o A 3 An 4 ?o 45"
0.177 7 1.8 a mat
0.075 0.2 .s,SiW VS. R- m

Figure 5.
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Figure 6.
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3.0 DISCUSSION AND CONCLUSIONS The tangential and normal resistance
of silt vary with the temperature and

Excavation resistances of artificially cutting depth with different cutting tools.
frozen sands and silt at different However, there is a critical rake angle
freezing temperatures show a unique pat- at which the tangential resistance is
tern. It appeared from the tested results minimum for a particular depth of cutting.
of Ottawa sand that the rake angle is in- This critical rake angle for stilt at
dependent of cutting resistance at a par- temperatures of -30C, -8.30C and -14.50C
ticular cutting depth (Ref. Fig. 3(b)). is found to be around 350 at a cutting
Obviously, the cutting resistance of con- depth of 0.6". The tangential resistance
crete sand is much higher than Ottawa varies with the freezing temperature at
sand as illustrated in Fig. 3(a). This this critical rake angle.
primarily is due to higher frictional re- As illustrated in Fig. 10, cutting
sistance of concrete sand. resistances offered by frozen sand and
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Sand Silt

Figure 11. Failure Characteristics.

silt are different and consequently, the the triaxial tests on frozen sands and

failure characteristics of tested frozen silts at different freezing temperatures

sand and silt are shown in Fig. 11. show a much higher strength parameters

Triaxial tests were carried out on than the cutting process. This is due to

frozen Ottawa sands and silts and the complex state of stress configuration gen-

failure criteria obtained at different erated during the cutting process.

freezing temperatures were evaluated. (d) Last but not least, excavation

These criteria are found to be inadequate Lools may be designed to offer least re-

to predict the failure conditions during sistance for excavations in frozen soils.

the cutting process. As such, theoretical
works are being carried out to formulate REFERENCES

a failure predictive model during the
cutting process in frozen soils. This I. Mellor, M., 1977. Mechanics of Cutting

theoretical evaluation is not included as and Boring, Part IV: Dynamics and

it is beyond the scope of the paper. Energetics of Parallel Motion Tools,

It is concluded from this experimental CRREL Report 77-7

study that: 2. Nishimatsu, Y., 1972. The Mechanics of

(a) A unique excavation failure pat- Rock Cutting. Int. Journal of Rock

tern exists for frozen sand and silt. Mechanics and Mining Sciences, Vol. 9,

Failure characteristics in sands appeared p. 261-270.
to be piece by piece, whereas in silts a 3. Roxborough, F.F., 1969. Rock Cutting
progressive failure is generated. Research, Tunnels and Tunnelling,

(b) The cutting tool rake angle is a Vol. 1, No. 3, p. 125
predominant factor for the excavation re- 4. McKyes, E. and Ali, O.S., 1977. The
sistance of frozen silt and a critical Cutting of Soil by Narrow Blades,
rake angle may be obtained for a particu- Journal of Terramechanics, Vol. 14,
lar cutting depth. This critical rake No. 2, pp. 43.
angle is found to be approximately 350 5. Harrison, W.L., 1972. Soil Failure
for the tested silt samples at tempera- Under Inclined Loads. CRREL Research
tures of -3°C, -8.30C and -14.5 0C. Report 303, pp. 93.

(c) The failure criteria obtained from
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CREEP BEHAVIOR AND STRENGTH
OF AN ARTIFICIALLY FROZEN SILT

UNDER TRIAXIAL STRESS STATE

Norbert Dieknmann, Dipl. Ing., Department of Civil Engineering
Hans L. Jessberger, Prof. Ruhr University Bochum

Federal Republic of Germany

ABSTRACT

Triaxial creep tests were performed preted in relation to confining pressure,

with four different confining pressures loading time, and soil temperature. The
and at three different soil temperatures results show a strong effect of the con-

to study the time and temperature-depend- finement on creep deformation and stress
ent stress-strain behavior and the and strain at failure. A constitutive

strength of an artificially frozen sandy creep equation is proposed taking into
silt under triaxial stress state. The consideration the effect of the confin-

test equipment, the procedure for speci- ing pressure on the non-linear time and
men preparation and testing is described, temperature-dependent stress-strain be-
Creep and isochronic stress-strain curves havior of frozen soil.
are presented. The test data are inter-
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HEAVING DEFORMATION AND THERMAL
CREEP OF FROZEN, ICE-SATURATED,
COARSE-GRAINED SOILS

N.A.Tsytovioh,
Y.A.Kron.k,
A. N. Gavrilov
Branch Renearch Laboratory
for Engineering Cryopedology
in Power-Plant Construction,
Kuibyshev Civil Engineering recommendations for determining
Institute, Moscow, USSR the reference deformation and

thermorheologio0l characteris-
tics of the soil being consider-

ANNOTATIOW. The present paper ed,and of rock-fill materials.
deals with the results of labors- Certain of the most important
tory and field experimental in- problems are formulated for fur-
vestigations of heaving deforma- ther research in the fields of
tion and thermal creep of water- thermorheology and thermomecha-
-saturated gravelly grus soils nice of frozen soils.
and rock fill in their freezing
and thawing. These results were Under definite conditions,the
obtained by the authors in the freezin of water-saturated
period 1978-80 in the Branch Re- coarse-grained soils is acoompa-
search Laboratory for Engineer- nied by the heaving of the soil
ing Cryopedology in Power-Plant skeleton by the ice that is
Construction of the USSR Miniet- formed. As a result,the porosity
ry of Energy and the USSR MiLn- of the soil is increased and its
try of Higher Education. This density is reduced. Such proces-
laboratory is at the Kuibyshev sea have frequently been observ-
Civil Engineering Institute Md ed,both in naturally freezing
is under the general scientific soils,as well as when they are
supervision of Prof.A.A.Tsyto- artificially frozen EKalabin
vich, Corresponding Member of 1957; Gasanov,1969; A£ila,1991
USSR Academy of Sciences. and others]. There exista,at the

A comparison is made between same time,another wldely held
the deformative properties of opinion,according to which such
artificially and naturally fro- soils are not at all to be dolt
zen ice-saturated coarse-grained with as heaving soils. These con-
soils having no fine-grained fil- tradictory opinions indicate
ler. that the given problem has not

A description of the estab- yet been sufficiently investigat-
lished laws of deformability of ed.
the soils being investigated is In this connection,experiments
given on the basis of the ther- were conducted in the Branch Re-
mal creep theory. Formulas are search Laboratory for Engineering
given for calculating the course Cryopedology in Power-Plant Con-
of settlement of ice-saturated struction,located &t the Kuiby-
coarse-grained frozen soils with shev Civil Engineering Institute.
time. Also given are practical The experiments,under the gene-
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ral supervision of Prof..A.Tsy-
tovich, Corresponding Member of
the USSR Academy of Sciences,in-
vestigated the heaving deforma- ,.

tion of moist coarse-grained
soils in freezing,as well as
their creep under load and under 2 -

variable temperature conditions.The first results of this re- '

search are dealt with in the pro-
sent paper. 01 a R3 Q4 0. 47 AN 0 .0 E .

The experiments were conducted Fig.I.Dependence of the heav-
under laboratory conditions on ing factor on the degree of
homogeneous gruss soils,consist- water saturation of gruss
ing of fractions from 2 to 5mm in soils
diameter and obtained by crushing
larger cleaved pieces of Kolyma indicates that the value of Ph In
biotite granite with the density the range of variation of Sr rom
(unit weight) fo.2.69 g/cm 3 .The 0.38 to 0.9 is slight and does
procedure for preparing the ape- not exceed 0.5%. However,upon a
cimens consisted in layer-by-lay- further increase in Sr,above 0.9,
or stacking of the material being the value of Ph increases sharp-
investigated into the working ly and,at a degree of water sa-
chamber of an oedometer designed turation close to unity (0.99),
by the Research Sector of the Ph reaches 3.2%. This puts the
Hydroproject Institute. The soils in the heaving category,
cross-:eotion~l area of the cham- according to the classification
ber was 60 cm'. The bottom of of Tsytovich and Kronik E19701
the instrument was hermetically and requires that heaving be ta-
sealed and the specimens were co- ken into account in assessing
vered on top by a polythene film. the deformation of surface and
The soil in the instruments was underground structures erected
not compacted beforehand so that on such or similar soils subject
its porosity averaged about 0.47. to freezing. Taking into account
The variation of porosity in va- the nonlinear nature of the rela-
rious specimens did not exceed tionship Fh .f(S ),the dependence
10%. The degree of water satu- being constderel in the intervals
ration Sr of the specimens varied Sr-O.38 to 0.74, 0.74 to 0.8, 0.8
in a wide range from 0.38 to 0.99. to 0.99 and 0.99 to 1.0 can be
This enabled the effect of the approximated by piecewise-linear
moisture content of coarse-grain- functions.
ed soil with no silt filler on Owing to the small heaving de-
its heaving in freezing to be as- formation in the degree of water
sessed. The freezing temperature saturation ranging from 0.38 to
in the experiments varied in the 0.9,it can be neglected in this
range from -2.90C to -20.90C. range in engineering practice.

In carrying out the experi- Pield investigations of the
ments, the temperature in the heaving process on coarse-grained
cooling chamber was recorded,as soils,subject to wetting by melt-
well as the vertical deformation water and rain with subsequent
of the specimens. The latter was natural freezing, were carried
measured by dial-type indicators out on an experimental embankment
reading to 0.015-. of rock debris and lump granite

The heaving of the coarse- material (rock fill). The granu-
grained soil was evaluated by lometric composition of the em-
the value of the heaving factor bankment soil is listed in Table
(?h),which is the ratio of the 1. The unit qass of the soil was
absolute heaving deformation to 2.2 tonnes/,and the porosity
the thickness of the freezing varied from 0.182 to 0.219. The
layer [Taytovioh and Kronik,19701 initial height of the experimen-

The obtained dependence of Fh tal embankment was about 11m.
on Sr is shown in Fig.la,which
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Mechanical Composition of the Soil of the Experimental Embankment

Table I

Size, 0 to 5 to 10 20 30 40 50 60 70 80 100
cm 5 10 to 20 to 30 to40 to 50 to60 to7O to SO to 100 to 140

Percent-
age 17.2 6.3 10.3 10.9 8.2 10.5 9.7 4.3 9.8 7.2 6.6

Pield observations were made observations were recorded during
during two seasons from September the whole period of the tempera-
1978 to September 1980. Recorded tures and the rain and meltwater
in these observations were the infiltrating the body of the
vertical deformation of the em- structure. It should be pointed
bankment and its soil base by ta- out that in erecting the embank-
king readings on six depth marks, ment,which took from September
three of which (DM-I,II and I1) 1978 to March 1979,two overcom-
being installed on the base and pasted soil layers were formed
three on the first level of the in its body at the elevations
embankment (see Pig.2a).Moreover, 7.0 and 9.5m (Fig.2a) due to in-

. - Ove -t' terruptions in the stage-
-by-stage filling andfrequent trips made by
automobile in installing
the instrumentation. After

(a) freezing and ice satura-
tion, these overcompaoted

S , _. layers could serve asN.."ll, month t water-resisting barriers
-I and prevent uniform pme--0 tration of moisture into

(b the soil.
The results of field

'77 observations of the be-
...) haviour of the structure

S(W) are shown in Pig.2b and
4 's c. In considering the

course of deformation of
-4 the embankment with time,

in conjunction with the
variations in Its thermal

.- (C) conditions,the following
stages of its develop-.- ment can be distnguish-
ed:

Stage I,from Septem-
ber 1978 through March
1979,in which the settle-

Pig.2.Diagram showing the loa- ments were due to the
tion of depth marks in the stage-by-stage erection
body of the experimental of the structure. Prom
embankment (a);its absolute 77 to 86% of the maximm
amounts of settlement (b), amounts of settlement of
and thermal conditions (c) the first level of the
at the depth marks 11 (1) rock fill occurred du-
and 111 (2).Depth marks are ring this time.
designated by Roman nume- Stage 2,from April
rals. through May 1979, was a

period of relatively
complete stabilization
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of the settlement in the embank- thickness of the layer of rook
ment's rock mass,whereas the fill as recorded before the be-
settlement of its base continued ginning of heaving. Qualitative-
to develop. This latter suggests ly,this agrees with the data ob-
that in tht given situation the tained in laboratory investiga-
stabilization of vertical defor- tions.
mation of the coarse-grained As the temperature of the soil
soil was due to its heaving at in the body of the structure pas-
its moisture froze. This moisture sed through Ooc in June 1980,
entered the b.iy of the embank- thermal settlement of the emban-
ment from the melting of the snow kment begain again.
cover. In April and May the tern- The formation of a basal cryo-
perature in the body of the ea- genic texture, which may be pro-
bankment varied from -17 0 C to duced in through freezing and
-1OOC. subsequent heaving of water-sa-

Stage 3, from June through turated coarse-grained soila,pro-
August 1979,consisted in the de- motes an improvement in the rheo-
velopment of thermal settlement logical properties of such mate-
due to the melting out of the in- rials and also makes their defor-
filtration ice,formed temporarily inability dependent on the tempe-
in the embankment,as well as snow rature.
buried during the construction The time,temperature and
period, stress factors can be simultane-

Stage 4, from September 1979 ously taken into account by the
through April 1980,is distin- thermal creep equation (Meschyan,
guished by settlement due to 1974) in the form
completion of compaction of the , ,)
thawed soil. The magnitude of 4 "
this settlement,together with the
thermal settlement,constituted where 6 (t,B) is the strain,
from 13.9 to 27.4% of the mnaximum Ck(t,8 ) is the measure of the
measured deformation. The settle- creep that is due to the tempe-
ment of the base,at this time, rature,and F(5, 9 ) is a functi
was already close to stabiliza- of the strees,also depending upon
tion. the temperature in the general

Stage 5,in May 1980,oonsisted case.
of heaving of the soils in the It has previously been shown
base and the coarse-grained soil [Kronik and Gavrilov,1980; Tsy-
of the first level in the emban- tovich et al,1980] that in appli-
kment,which was recorded by all cation to the conditions of dam-
six depth marks installed in the ped creep of frozen coarse-grasn-
structure. The absolute value of ed soils,equation (1) can be
heaving of the base,also compos- written in the form
ed of coarse-grained soil,amount-
ed to 11 or 12cm, or from 38.7 to & (8)
80% of the maximum measured set- E (2)
tlement. It should be noted that
previously,in May 1979,the same where e",T* and are pereme-
amount of heaving was recorded ters determined experimentally
according to depth mark I (DJ-1). and depending on the temperature

To assess the heaving of the ( ), t is the time and 6 is
material itself in the embank- the stress.
ment,it is necessary to subtract It was here established that
from the amounts of deformation in a considerable range of minus
recorded by means of DK-IV,DM-V temperatures (-2.9 to -20.90C),
and DM-VI,the deformation of the relations E -f(1 ) and
DU-I,DM-II and DK-III,which were T*.f(B ) are of a linear nature.
installed on the base. Then the But,if the temperature range is
absolute amount of heaving of extended up to OOC and down to
the first level of the embank- -21oC, these relations become
ment is from 2 to 9cm or,respec- nonlinear,as is evident in Fig.
tively,from 0.32 to 1.37% of the 3a and b. In view of the afore-
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Pig.3. Dependence of the rheological parameters of frozen and below-
zero-temperature dry gruse soils on the temperature (ab and
e) and on the ice content Ic (o,d and f); I -experimental
data (Ic 0.4), 2 - their relevant curve plotted according to
equation (3), 3 - experimental data (Ic-O.12), 4 - experimen-
tal data (IcO), 5 - experimental data and their relevant
curve plotted according to equation (4), 6 - experimental
data, 7 - their relevant curve plotted according to equation
(5), 8 - experimental data, 9 - their relevant curve plotted
according to equation (6), 10 - experimental data, 11 - their
relevant curve plotted according to equation (7), 12 - expe-
rimental data, 13 - their relevant curve plotted according to
equation (8).

said, *a-.f( 8 ) for ice-satura- of 1.35) as the temperature drops
ted soils can be approximate by to 9- -20.90 C. The law of the va-
a more exact expression: riation of T* with the tempera-

turedescribed above,oan be ex-
(.3) pressed by the equation

where k, Pand P are parameters T*- To + K. 8 "e (4)
determined experimentally; for
investigating granite gruse at where T* is the value of T1* for
complete ice saturalion they art unfrozen water-saturated soil;
equal to 9.94 x 10"-, 542 x 10-. k,N and D are empirical parame-
and 7.6 x 102 , respectively,and tere equal to 52, 0.117 and
Gis the absolute value of the -0.0295 for the soil being inves-
temperature in oC. tigated; e is thl base of naturl

The dependence of T* on the logarithms; and U is the tempera-
temperature increases by more ture in oc without the minus (-)
than an order of magnitude (by sign.
49.7 times) at the beginning (in Besides the temperature, the
the temperature range from 0 to rheological parameters of an ice-
-2.90C). Then parameter T* slow- -saturated coarse-grained soil
ly decreases (by only a factor are considerably influenced by a
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change in its ice content (I unity; and e is the base of natu-
The effect of Ic on the magnitude ral logarithms.
of the parameter a, is not single The relation T*=f(Ic) in the
-valued (Fig.3c). First,with an range of I c values from 0.0 to
increase of ice content from 0 to 0.12 is of a nature close to the
0.12, there is a substantial re- relation T*=f(8 ),i.e.it increas-
duction (by a factor of 6.72) in es by more than one order of mag-
a 0. Upon a further increase in nitude (by 65.1 times).But any
the ice saturation of the speci- further increase in ice content
mens,the value of 8o. increases has no appreciable effect on the
again,but still remains less (by value of parameter T*.Taking into
a factor of 1.67) than the value account the aforesaid,T*-=f(Ic)can
of .e for below-zero-temperature be approximated by an expression
dry coarse-grained soil. This na- of the form
ture of the relation Sao af(I € ) 1
is evidently due to the effect T: TZtT.e- (6)
of the cryogenic texture of the
specimens. In the freezing of in- where T. is the value of T* at

completely water-saturated Ic.O.O and Tge and J are experi-
coarse-grained soil having no mentally determined parameters

filler, a film (bread-crust) tex- equal,in our case,to 7.74 and

ture is mainly formed due to the 0.0039, respectively.

freezing of the loosely bound The effect of the temperature

moisture. No essential violation and ice content on the nonlinea-

of the contacts between the piec- rity parameter P is shown in

es of the material are observed Fig.3e and f,afd is evidently due

in this case. This is indicated to the change in the mechanical

by the low values of Ph, which properties of the intrapore ice

do not exceed 0.1 to 0.15% (see as the temperature drops.This ef-

Fig.1). At the same time, the fect is also due to the influence

formation of ice-cementing bonds of the cryogenic texture, which

prevents the repacking of the iB formed in specimens of various

coarse-grained particles. This initial moisture content when

leads to reduced deformability of they are frozen.These effect are

such material,as compared to un- due,in particular, to the in-
frozen or below-zero-temperature crease in the elasticity of mate-
(air-dry) soil. In the freezing rial with a massive bread-crustof water-aturated soil,a basal texture and its decrease in the
texture st evidently formed,as formation of the basal texture.

mentioned above. The contacts Attention is drawn by the fact

between the lumps are ruptured that in many cases P') 1.This

and in this case the mechanical last is oviously a result of the

properties of the ice and rock fact that under laboratory condi-

material are due primarily to the tions,frozen coarse-grained soils

deformability of the ice.This, were tested in oedometers at ma-

evidently,is what leads to an in- ximum stresses not exceeding 0.8

crease in parameter in compe MPa. At this stress,the nonlinea-

letely ice-saturated coarse- rity of the dependence of the sta-

-grained soil. bilized strain (Est) on the

The relation 8..f(1c ) can be stress is not yet so strongly ma-
described with sufficient accuam- nifested for low-ice-content
cy by the equation soile.Moreover,at low levels ofacting stresses (about 0.1 to 0.2

MPa) nonlinearity of function
8ee-8ej-KCI¢" (5) Est-f(ff) is observed.This is due
wheree Oi is the value ofe8..for to the structural strength of the
below-zero-temperature dry soil; material being investigated and
Kt,N and s are empirical &,aw- the curve is of a convex shape.It
toe, equal to 0.0184, r.ea and- may be supposed that with an in-

-3.125,respectivelyf or Kolyma crease in stressesthe nature of
gruss soil; 80i-0.00667; Ic in functionIAsI'f(B and S'.)
the ice content in a fraction of should ghage and that, n parti-

cular,J1 Th wllbe less than unity
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and will depend loes on So.Hence soils by employing the results of
the obtained relationships are to field observations of the settle-
be regarded as qualitative ones. ment and temperature conditions

At the same time in the inves- of either the whole structure or
tigated range of stresses,ice con- some fragment of it.
tent and temperatures,the de pen- It is necessary first to obtain
dences A'uf(B) and _'uf(Ic) Can a rheological equation relating
be described by uniform equations the deformation and tjme at a
of the type: given acting stress at. This

s'- v'a 4 F8 + k (7) equation should be of the form

i =V.L-8a R.8 + RL (8) Pe .= (11)

where V,F,R,Vi,Fi and Ri are em- where 0(t) is a function of tima
pirical parameters, Bis the tem- Then,if 6i is not equal to

perature without the minus (-) unity,it is necessary to deter-
sign,and I is the ice content in mine the measure of creep C(t)

a fraction of unity.For the soils for which the following expres-
being investigated,the above-men- sion [Meschyan,1974] can be ap-

tioned empirical parameters equal: plied:
-0.0029, 0.0564, 0.861, -21.08, e(D (12)
10.36 and 0.82, respectively. F(6) (12)

Then,taking into account ex- where F( 6 i ) is a function of the
pressions (3),(4) and (7) for stress at di.
high-ice-content (Ic-0.4 to 0.5) The form of the stress funo-
coarse-grained soils,equation (2) tion is found by a known proce-
is written in the form dure [Meschyan,1974J and,if it

f64 proves impossible to load the
t UG (9) fragment of the structure,F(6i)(Tt* solben e n, is determined by trial and error,It should be noted that in en- as w s d n in o r c s. h re

gineering practice,in order to as was done in our case.The re-
simplify calculations of settle- sulting expression enables the

ment of high-ice-content coarse- development of settlement with

-grained soils as their tempera- time to be predictedtaking into

ture varies from 0.00 to -21.0°C, account the factor of static

the relations t..f(8) and T*sf(8) loading, for air-dry unfrozen and

can be taken as being linear in below-zero-temperature coarse-

the ranges of minus temperatures -grained soil of the granulomet-
from 0.0 to -1.0°C and -1.00 to ric composition indicated in

-21.0 0C.Then equation (9) is 0im- Table 1.

plified and,for the indicated Since the temperature factor
temperature ranges,takes the form is manifested mainly only in de-

forming ice-saturated coarse-

t V.'F.l4 -grained soils,it can be neglect-
6(o) ed for a below-zero-temperature

(air-dry) material.Then expres-
where N ,L ,Mr and +LT are empi- sion (10) takes the form
rical parameters.The plus (+W t tR
sign is put before LT in the te- E(t)UME 6 (13)
perature range B-0.0 to -1.00C Theempirical parameters of
and the minus (-) sign in the equat in (13),characterising the
range en-1.0 to - 21.rC. deformability of both an unfrozen

In erecting such structuresas and a below-zero-temperature rock
earth damsrock fills are used in fill, are listed in Table 2.
which the diameters od the lumps '9eveQ, ln the water satu-
frequently reach a diameter from "atKon of such a materia. and
50 to 100cm and even larger, ion ofbsuent frial and

thereby leading to technical dif- its subsequent freezingitu rhe-ological parameters change as
ficulties in their laboratory in- has been shown byalabo a

vestigation. In this connection,it perimen suin that ex-
proves expedient to determine th perients Assuming that this
rheological parameters of such process is similar to that con-
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STRENGTH AND CREEP TESTING
OF FROZEN SOIVS

A.R. GARDNER University of Nottingham, U.K.
R.H. JONES University of Nottingham, U.K.
J.S. HARRIS Foraky Limited, Nottingham, U.K.

ABSTRACT requires knowledge of the mechanical
behaviour of the frozen soil. The creep

A purpose-built microcomputer- behaviour of the material is important
controlled triaxial apparatus for test- when this design takes the form of time-
ing frozen soils is described. Either dependent finite element analysis.
constant strain rate strength tests or To determine the mechanical
constant stress creep tests can be behaviour of specimens of frozen soil in
performed. The steel cell, which also the laboratory, facilities for both
acts as a reaction frame, is refrigera- strength and creep testing at various
ted by circulating coolant to tempera- temperatures and confining pressures are
tures down to -20*C. The maximum cell required. Separate testing rigs are
pressure is 1.8 MPa and the load typically used for this purpose.
capacity is 35 kN which corresponds to At Nottingham, careful consileration
a uniaxial stress of 31 MPa on a 38 mm of the merits of existing testing rigs
diameter specimen. The use of a stand- has led to the design and manufacture of
ard microcomputer for data acquisition a multi-purpose triaxial testing
and feedback control, in conjunction apparatus. The use of a standard micro-
with other design features, has resulted computer for data acquisition and feed-
in a compact, self-contained apparatus back control has resulted in a compact
at appreciably lower cost than apparatus at appreciably lower cost than
alternatives, alternatives.

Laboratory specimens of an This paper describes the testing
unsaturated medium to fine sand have apparatus and presents the results of
been prepared by uniaxial freezing in an triaxial strength and uniaxial creep
open system, and insitu frozen samples tests on insitu frozen Brussels sand.
have been recovered from a trial freez- Some preliminary uniaxial creep tests on
ing site. Comparisons to date indicate laboratory frozen specimens (which can
that similar creep behaviour is obtained be prepared and tested at the design
for both types of specimen. This would stage) are also presented. The creep
suggest that the method of uniaxial behaviour of laboratory and insitu
freezing in an open system gives speci- frozen specimens is compared on the basis
mens similar to those obtained in the of a creep power law and the implications
field, and consideration should be given with respect to reference testing are
to adopting this freezing method for briefly discussed.
reference testing.

TESTING APPARATUS
INTRODUCTION

General Description
The structural design of an

artif~cial ground free7ing (AGF') project The apparatus is used for strength
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and creep tests on 38 mm diameter by inside the cell. The whole apparatus is
76 mm high specimens of frozen soil at mounted on legs, with a total height of
temperatures down to -200 C. Load 1.5 m.
capacity is ' kN with a maximum confin-
ing pressuro, limited by the ram seal, E
of 1.8 MPa.

Fig. 1 shows a schematic of the
testing apparatus and Fig. 2 a block
diagram of the Pain components.

COOLANT TRIAXIAL CE ,
MICROCOMPUTER

E NJTROL AND
DATA LWI~NG

ALOING SYSTEM

LOAD CELL- Figure 2. Block diagram of main components.
0 ~STELCL

COOLING COILS _ T SP N Load, deformation, temperature and
confining pressure are monitored through
transducers and an analogue-to-digital
convertor by the microcomputer, which in
turn controls specimen load through a

SILICON- digital-to-analogue convertor and motor
OFNING- =  JMAIN FRAME driven regulator in the piston supply.

FLUID In calculating specimen deformation, due
SEAL account is taken of system stiffness,

and system deformation is subtracted
LMP from the measured value.

The test data is displayed on the

microcomputer screen, with up-dates of
taveraged values (from sets of ten) of

each reading every second. Data is also
recorded on a printer at selected time
intervals and, if required, on an X-Y
plotter. In the event of system
malfunction a failsafe pressure shut-
down device is incorporated.

Constant Strain Rate (Strength) Testing
FLUID PRESSURE
(SERVO-CONTROLLED FROM LMP) Constant strain rate testing is

LMP-LINEAR MOTION POTENTIOMETER performed by the microcomputer monitor-
ing the deformation of the specimen and

Figure 1. Schematic of testing apparatus. comparing it with the set strain rate
at small time intervals. Any signifi-
cant difference in the value is then

The specimen, surrounded by two neoprene corrected by adjusting the load on the
membranes, is held between two platens specimen through the motor driven
in the cylindrical steel triaxial cell regulator.
(internal dimensions 200 mm diameter by Simple constant load rate tests can
270 mm high) , which also acts as the also be performed by increasing the load
reaction frame. Load is applied through at a constant rate until failure occurs.
the bottom platen by a ram, travelling
through a low friction Rolofram seal, Constant Stress (Creep) Testing
driven by an hydraulic piston.
Confining pressure is applied by For constant stress testing, the
pressurising silicon fluid inside the load applied to the specimen is conver-
cell. This fluid is cooled by circula- ted to a stress using the assumption
ting a methanol/water mixture from a that the specimen remains a right
refrigeration unit through a copper coil cylinder of constant volume. If the
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stress differs significantly from the Insitu Frozen Specimens - Recovery,
set stress value, then adjustments are Transportation, Storage and Preparation
made to the load through the motor
driven regulator. Core samples (76 mm diameter) and a

block sample (250 mm x 380 mm x 300 mam)
were recovered from the trial AGF site

TESTING OF FROZEN BRUSSELS SAND in Brussels. The samples were trans-
ported by air in an insulated container

Introduction to Nottingham, where they are stored in
a cold room (average temperature -140C).

Two sets of triaxial strength tests in addition 65 kg of unfrozen sand was
(at -50 C and -10'C) and one set of uni- recovered.
axial creep tests (-101C) have been Immediately prior to temperature
completed on insitu frozen specimens of tempering and testing, specimens were
Brussels sand recovered from a trial individually reduced to 38 mm diameter
AGF site. In addition, some uniaxial by 76 mm high cylinders in the cold room
creep tests (-101C) on laboratory frozen using a manual soils lathe and a variety
Brussels sand and an unfrozen shear box of files and saws. At all times, the
test have been carried out. For the specimens were only trimmed with pre-
frozen tests, all specimens were cooled equipment. Trimming also has the
tempered at the test temperature for added advantage of removing any outer
.f hours prior to loading, part which may have been subject to

The long term purpose of the test sublimation. A purpose made jig was
program is to characterise the used to ensure that specimen ends were
mechanical behaviour of frozen Brussels plane.
sand, to compare results from insitu and The prepared specimens were then
laboratory frozen specimens, and to surrounded with two neoprene membranes
compare the laboratory creep results and sealed with 0-rings to the removable
with insitu tests performed at the site. top and bottom platens. These platens

consist of stainless steel holders with
Brussels Sand perspex inserts, although experimenta-

tion with other designs (particularly
Brussels sand is a yellow uniform friction reducers and compliant platens)

medium to fine sand with a specific is envisaged.
gravity of 2.63. Fig. 3 gives the Although the low moisture contents
grading curve. The insitu frozen of the specimens meant that they were
specimens had dry densities of approx- relatively fragile, the preparation
imately 1.70 Mg/m' and low moisture phase proved easier than expected.
contents in the range 3.2-5.5% with an However, for stronger frozen soils,
average of 4.2%, corresponding to a preparation may require the use of a
degree of saturation of 21%. powered lathe operating in a cold room.

Preparation of Laboratory Frozen

(Jim) (M4) Specimens

8D - - prepared by first mixing oven-dried sand

'A 1 - - with de-aired distilled water to theWI fl 1 required moisture content of 4.2% by
s o weight. The moist sand was left to

Z -- -- . L i 1 equilibrate for at least 24 hours in a
3 - - sealed jar, and then compacted by
S i -. - - - - -- rodding and usinq a vibrating table in

I . - - ' layers of 15 mm depth into a 38 mm
We , o 0 10 diameter perspex split mould to a height

PARTIM StM (MM) of 160 mm. This extra height was to

S F I I C I F I L reduce the effects of sublimation during
15.7 S AVE. freezing and to provide surplus for

moisture content samples.
Freezing was carried out uniaxially

Figure 3. Grading curve for Brussels sand. in an open system (Fig. 4) with the

freezing temperature at the top and
drainage at the bottom.
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FREEZING TEMPERATURE
Table 1. Strength tests on in situ
frozen specimens.

Ilk t Oesty Clle __T _

PERSPEX "" e INSULATION
SPLIT TUBE

AN.20 3.8 1.11 0.008 36 Shea box teat
SPECIMEN 4 4.1 1.70 0.07 44 US - 0.4 Wa

I -10 4.2 1.7Q 0.38 48 US 2.6 We

UCS - lnoameflmd cousslVe atvangti

POROUS DISC Results of uniaxial creep tests at
different atress levels on insitu

Figure 4. Uniaxial freezing. frozen specimens are summarised in
Table 2. All the tests were conducted
at -100C, as the stress levels for

Previous experience had indicated that testing at -50C would be impractically
freezing in an open system avoided crack- low.
ing of specimens, which is sometimes
observed when they are frozen from the
outside towards the centre. After Table 2. Uniaxial creep tests of in situ
freezing, the specimens were stored in frozen specimens (-100 C).
their moulds in sealed plastic bags prior --

to tempering and testing, this storage Uniaxial Moisture
period being less than one week. Stress Content Density Cf Re.rek

S~ . RemarksarBefore tempering, the specimens were _P_ __ J_. rs

carefully extruded from their split
moulds in the cold room, and were end- 1.30 4.4 1.60 fai*aed on 1md *a;1icet#tn

trimmed and sealed to the platens in the 100 4.3 1.68 failed on load application
same manner as the insitu frozen 0.90specimen070 4.0 .64 10. 4.6 1.62 36

Tests on Insitu Frozen Specimens 0.40 4.2 (.6. 4 lw . Value

Two sets of triaxial strength tests tf - time to onset of" tertiary creep stage
at a strain rate of 4%/min and -5*C and (taken as failure)
-10OC have been completed on insitu
frozen specimens. A q = (01-O3)/2 stmin I%
versus p = (01+03)/2 plot for both tests
and the unfrozen shear box test is given 8a
in Fig. 5 and the results summarised in
Table 1. 7 a

q (a,-o,)/2 /MPa 6 a "

4 a" " stress/MPo

3 a .~ a. " 0.90

2 0.64
2 a= a*. .- 0.70

- - O- UNAZEN
. . . . ... 0 5 10 15 20 25 30 35 40 45 500 2 3 4 5 6 7

p , , or.)/
2  /MPo time lIhours

Figure 5. q-p plots for Brussels Figure 6. Creep curves for in situ fro-
sand. zen Brussels sand (-100C).
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The resulting strain versus time CREEP EQUATION
curves are plotted with representative
points in Fig. 6. All the curves Introduction

exhibit the expected behaviour of an
instantaneous initial strain and three When stressed, frozen ground
stages of creep. typically undergoes an instantaneous

The low strength and sensitivity of initial strain and then three stages of
the material has so far prevented the creep strain: a primary stage with a
production of well-defined creep curves decreasing creep rate, a ccnstant creep
at stresses above 0.9 MPa. rate secondary stage and a tertiary

stage with a rapidly increasing creep
Tests on Laboratory Frozen Specimens rate leading to failure. The onset of

the tertiary creep stage is usually
Results of uniaxial creep tests on taken as failure, and so for design

laboratory frozen specimens are purposes only the strain until the end
summarised in Table 3. The test of the secondary stage needs to be
temperature for these tests was also modelled.
-100C. Vyalov (1962) proposed a power law

to characterise the primary and
secondary creep strains for uniaxial

Table 3. Uniaxial creep tests of lab- loading, based on non-linear hereditary

oratory frozen specimens (-100 C). creep. Assur (1963) has slightly
modified the original law to give

nidil Moisture Dry t [ tA I/m
Stess Content Density fRemrks = at

1,2 ((8+6O) I
iK

0.90 4.4 1.64 failed on load application where c is the strain in the primary
0.70 2 .8 14a 5 ,2

________________ and secondary creep stages, a is the
zapplied uniaxial stress, t is the time

tf - time to onset of tertiary creep stage
(tak~en as failure) since load application, 0 is the

temperature in degrees below freezing,
80 is a reference temperature (10C when

Fig. 7 is a plot of the strain 8 is in centigrade) and w, K, X, m are
versus time curves with representative experime-itally defined creep parameters.
points, all the curves exhibiting Vyalov (1962) and Sanger (1968) found
similar behaviour to the insitu frozen good agreement with experimental data
specimens, though with correspondingly for this type of equation.
lower tf values. A simplified version of Eqn (1) is

The low strength and sensitivity of
the material has prevented the produc- A =A B t C  (2)
tion of creep curves above 0.8 MPa. c1,2

stminl% where A is a material and temperature

7 dependent modulus with units of stress
-C

6 time , B is an exponent greater than
5 unity describing the stress dependence
* of creep, and C is an exponent less than
". unity describing the time dependence.

Adding the effect of the initial
.strms; Hfstrain to Eqn (2) gives an expression

1 080 for the total uniaxial strain up to theonset of the tertiary creep stage

c= - + A t (3)
S 0 Is 20 T

two Itour
where e is the total strain, ET is a

Figure 7. Creep curves for laboratory temperature dependent modulus and the
frozen Brussels sand (-10 0 C). other symbols are as before. Eqn (3)
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can be successfully used in time-depend- stress IMPa --- creep eqn
ent finite element analysis of the defor- stroin/%
mations and tresses in AGF excavations 6 0. 90
(Klein 1979, Gardner 1982). In the 0 70 °

o064
analysis, to ielate uniaxial test results 5 0 0 -

to the multi-axial stress state in the --

excavation, the concept of an equivalent 4 -

stress based on the second invariant - "- - - °

(Von Mises material) is typically used. - -

Although this col. ept may be valid for- 2 e % -"'

frictionless frozen materials (e.g. .4.*- - -

clays), the decrease in creep strain I ' " - -- -

that is observed when confining pressure
is increased for frictional materials
(e.g. frozen sands), is not modelled. 0 1 2 3 4 5 6 7 8 9 10

Accordingly, research is now proceeding time I hours

into modifying Eqn (3) and the finite
element analysis to take any friction Figure 8. Experimental and calculated
angle effect into account, creep curves--in situ frozen Brussels

For the purpose of this paper, sand.

Eqn (3) serves as providing a comparison
between the uniaxial creep behaviour of
the insitu and laboratory frozen speci-
mens of Brussels sand, and with the straini/°

results of other investigators. 6

Calculation of Creep Parameters

For each set of uniaxial creep 4
tests (irsitu frozen and laboratory
frozen specimens) the experimental - -

results have been fitted to Eqn (3) 2 stressMPQ
using the method of least squares. The . s s"

"00 0.80resulting values of A,B,C (and average 1 ' 0.70
values of ET) are given in Table 4, --- creep eqn
along with some results for frozen
sand from other investigators. 0 1 2 3 4 5 6 7 8 9 10

The values for the insitu frozen time I hours
specimens were obtained using the results
of the tests at 0.90, 0.70 and 0.64 MPa:
the results from the test at 0.40 MPa Figure 9. Experimental and calculated

were not used as this specimen suffered creep cruves--laboratory frozen fro-

premature failure. For the laboratory zen Brussels sand.

frozen specimens, both the tests at 0.80
and 0.70 MPa were used.

Plots of Eqn (3) for the insitu and
laboratory frozen specimens with the DISCUSSION
appropriate values inserted from Table 4
are given in Figs 8 and 9 respectively. Strength Testing
Representative experimental points are
also plotted on these figures. The results of the triaxial

strength tests on insitu frozen speci-
Table 4. Creep parameters for frozen mens illustrate the increase in strength

sand (-100 C). with decreasing temperature, which is
.. "mainly due to the increase in cohesion.

K e C ET The large increase in friction angle
A" - from the unfrozen to frozen tests is

thought to be mainly due to the higher
Am.ls. *sd - init, fnon.n 2.3 x 10-2 1.40 0.38 195 density of the frozen material.

iabora,'y fvzie 19m I10-' 1.40 0.40 203 The strength of the frozen sand is

Otte. sand ( Syles 1968) 3 Sn 10-.' 1.28 0.45 low by typical AGF standards (Andersland
Mendchester fine lend (Saylei1) Ile 10-4 2.03 0.63 and Anderson 1978), this being due to
Karlsrehe sand (Klein 1979) 132 ,o-1 2.00 0.40 the low moisture content (average 4.2%)
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of the specimens resulting in a weak ice behaviour to those obtained in the field,
-poor material. This has also caused and serious consideration should be
the frozen material to be very sensitive given to adopting this freezing method
to any variations in moisture content, for reference testing.
which is shown in the difficulty of Comparison of the creep parameters
creep testing at stress levels near the with those of other investigators
UCS. (Table 4) shows that the B and C values

are in the same range, although the A
Creep Testing - Insitu Frozen Specimens values are much larger. These larger

values are thought to be due to the low
The results of the uniaxial creep moisture content of the Brussel sand

tests on the insitu frozen specimens specimens when compared to the other
show the expected creep behaviour of a sands (which were saturated).
frozen soil. The low t values illus-
trate the relative weakness of the sample
and the difficulty in testing above 0.9 CONCLUSIONS
MPa (although the UCS was found to be
2.6 MPa) illustrates the sensitivity of (1) An economic and compact triaxial
the material at this low moisture testing system for the strength and
content, creep testing of frozen ground has been

The comparison of the calculated designed and built.
(from Eqn (3)) and experimental results (2) The recovery, transportation,
plotted in Fig. 8 shows good agreement. preparation and testing of insitu
This is true even for the test at 0.4 frozen samples of an unsaturated medium
MPa, which was not used in the calcula- to fine sand (Brussels sand) has been
tion of the creep parameters, achieved successfully.

(3) The preparation and testing of
Creep Testing - Laboratory Frozen laboratory frozen specimens of Brussels

Specimens sand at the required moisture content of
4.2% has been achieved successfully.

The results of the two uniaxial (4) The low moisture content (4.2%) of
creep tests on laboratory frozen the insitu frozen specimens has
specimens also show the expected creep resulted in a weak ice-poor material
behaviour, although the t f values are with a cohesion of only 0.38 MPa at
lower than those for the insitu frozen -10*C and a corresponding friction
specimens. This is probably due to the angle of 49*.
lower dry densities of the laboratory (5) The creep equation
frozen specimens: research is now under- 0 °BtC
way into improving compaction methods. := - + A a t

The low moisture contents of the T
specimens again resulted in a weik,
sensitive material: successful testing successfully models the creep behaviour
above creep stress levels -f 0.8 MPa has of both the insitu frozen and laboratory
still to be achieved, frozen specimens up to the onset of the

The result of the curve fit of tertiary creep stage.
Eqn (3) has given promising results, as (6) Very close agreement was obtained
the comparison of calculated and experi- between respective B and C values calcu-
mental values plotted ,i Fig. 9 shows. lated for both types of specimen, whilst
However, more tests are required to there was a variation of 20% between the
define the creep parameters with A values.
confidence. (7) The method of preparing laboratory

specimens of Brussels sand by uniaxial
Comparison of Creep Test Results freezing in an open system appears

satisfactory, as similar creep behaviour
To date, comparison of the creep has been obtained between these and

parameters obtained for the two types of insitu frozen specimens. Although more
specimen (Table 4) shows good agreement, tests are required on this and other
although many more tests are required on soils to confirm that this agrcement is
the Brussels sand aad other soils to generally applicable, serious consider-
confirm that this agreement is generally ation should be given to adopting uni-
applicable. The results suggest that axial freezing for reference testing.
uniaxial freezing in an open systemgives
laboratory specimens with similar creep
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Abstract: Over the last decade, General Setting, Statement of Problem
there has been significant creep of the
permafrost soils in the U. S. Army Cold The USACRREL permafrost tunnel at
Regions Research and Engineering Labora- Fox, Alaska was constructed in the mid
tory (USA CRREL) permafrost tunnel at 1960's for the purposes of exploring
Fox, Alaska. This study supplements pre- excavation techniques for frozen silts
vious creep measurements in the tunnel and gravels. The tunnel geology and the
and also investigates probable links be- engineering properties of the materials
tween the significant settlement in the exposed in the tunnel are discussed in
back portion of the tunnel and the tunnel two CRREL reports by Sellman (Sellman
geometry in this area and also parameters 1967, 1972). A summary of the engineer-
such as soil type, ground temperature, ing properties of the exposed soils as
ice content and thickness of overburden, well as a general discussion of the
The studies have been ongoing intermit- formation of permafrost is found in a
tently since 1980. The instrumentation School of Mineral Industry, University
used was designed by the junior author as of Alaska in house field guide to the
part of an independent study project when permafrost tunnel. (Johansen, 1976).
he was an undergraduate engineering Since the excavation of the tunnel,
student at the University of Alaska. The it has been used for additional research
simple instrument has been in operation projects in permafrost, but the tunnel
for tow years and measurements show a opening itself shows two engineering
constant creep rate of approximately problems. 1. Sublimation of the
0.002"/day (0.05nmm/day). The creep data ice matrix in the frozen
obtained will be helpful in predicting soil creates a significant amount of
future behavior of the tunnel and also dust in the tunnel. This was the sub-
assist in design of roof support system ject of a paper by Johansen, Chalich and
in frozen ground in areas subjected to Wellen (1980, 1981). 2. Soil Creep is
constant creep, apparent in the tunnel, especially away
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from the opening near station 3 + 60. in late May 1980 and readings were taken
This is in area of the tunnel where the almost daily starting 3 June 1980. The
temperatxre remains fairly constant -1.5t readings are shown on Figure 1.
at all times. The gages recorded a creep rate of

At this temperature, permafrost about 0.0002"/day. Some small variations
silt is a very soft material and is easi- were encountered. The readings are
ly deformed. Early in situ creep invest- temperature sensitive, that is, an in-
igations in the CRREL tunnel was report- crease in the air temperature from -1.5*
ed by Thompson and Sayles, (1972). to 0*C, as was readily observed with a
Phukan (1980) on -,ermafrost silts ih large group of visitors in the tunnel,
the tunnel showed a 'imodul strength, would cause the gages to show continuous
soil temperatures above 29't (or-1.51C) movement. A reading like this is shown
showed a marked reduction in the compres- on the attached graph. However, as also
sive strength of the silt; 200 psi at can be seen, when the temperature anamoly
29*F a compressive strength of 450 psi is removed, the data again cluster on
was reported. Over the years, soil creep the same line.
has been observed from the excavated To explain t'e observed data, the
areas, especially where temperatures are following model is propose. it should
close to the freezing point. Near the be noted that the conclusions are tenta-
end of the main adit at station 3 +60 tive at this time and may be modified as
CRREL installed an insulated room in the more data is obtained, especially data
late 60's and today the door frame, madL related to strength, creep and sublima-
from 2" x 4" lumber, has broken from soil tion properties of the actual soil at
creep. Measurements of the frame gives installation.
settlement figures of about 4" for the The overburden at the site is about
10 years sincP the installation. The 50-55', and the weight is about 100
tunnel roof in the same vicinity show #/ft 3 giving a soil pressure of about
ev fence of soil creep, the headroom has 5000 #/ft 2 . This is close to observed
been reduced significantly over the last strength of multicrystalline lake ice ot
dcbzen or 20 years, tne senior au'hor has -1 to -2*C. So, the creep could then be
had the opportunity to visit the CRREL explained as creep of the pore-ice, the
tunnel. There is however no creep data pore-ice and fiee water in the perma-
for the unsupported roof portion near frost acting as a lubricant for the soil
Station 3 +60. In order to obtain creep particles.
data and also make an assessment of the The motion could be thought of as
urgency for installing some means of roof that of a glacier. This may also ex-
support should this be needed, the pre- plain the much highci :reep rates
sent investigation was t rried out. obtained by CRREL in the gravel section

of the tunnel (Thompson and Sayles 1972).
Equipment The creep increases exponentially with

depth, not linearly.
With the help of the Alaska project

office of CRREL, the junior author con- Conclusions
structed as part of an individual study
course at the School of Mineral Industry, The creep rate of about 0.002"/day
University of Alaska, two i ruments seems to be constant, no acceleration
capable of directly recording settlement, has been observed. The safety of the
Basically they are spring loaded rods section of the tunnel is unknown at this
exerting pressure on the roof and floor time. As far as a possible support is
but not enough to restrict the movement concerned, a system must be designed to
of soil. The movement of the rod is carry the total weight of the system,
measured by dial gages, one of which should this kind of support be desirable
reads to .0001 inch, the other to .001 in this portion of the tunnel.
inch. The design of these instruments
was further constrained by availability Acknowledgements
of supplies.

This short study was made possible
by help from several sources: The
School of Engineering, University of

Data Gathering Alaska Fairbanks, funded the major

portion of the study and provided Labor-
The gages were installed by Mr. Ryer atory space for sample preparation.
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Figure 1. Roof creep vs time in the CRREL permafrost tunnel.
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ELASTIC AND COMPRESSIVE DEFORMATION
OF FROZEN SOILS

Zhu Yuanlin Lanzhou Institute of Glaciology and
Zhang Jiayi Cryopedology, Academia Sinica,

Wu Ziwang Lanzhou, PRC

ABSTRACTj

The paper mainly discusses the body. Engineering practice in perma-
results of compression laboratory frost area has proved that this point
tests on frozen soils (with lateral of view is incorrect, and at least,
spreading of the soil prevented) at a incomplete. As a matter of fact, the
constant negative temperature. In compacting deformations will invari-
this paper the authors not only state ably occur in the frozen subsoils sub-
the general behaviors of elastic and jected to loading even if its negative
compressive deformation of frozen temperature remains constant, and,
soils, but also list some of the especially, for the high-temperature
experimentally obtained values of plastically frozen subsoils, the
their characteristics, the normal amount of compressive deformation will
elastic modulus E and the summary be in the order of considerable magni-
relative compressibility coefficient tudes, being one of the decisive fac-
MiE rof frozen soils. Furthermore, tors of foundation design on perma-
on the basis of analyzing the in- frost (6). The authors, therefore,
fluence of some factors (such as quite agree with the opinion that in

negative temperature, moisture, soil designing structures to be built onI
composition and external pressure) on frozen ground it is necessary to con-
the above two characteristics, the sider the compressibility of plasti-
authors present two equations for cally frozen soils, which governs
estimating the normal elastic modulus their settling under load, even when
and sumary relative compressibility the negative ground temperatures are
coefficient of frozen soils re- preserved (1).
spectively, according to negative To get a deep understanding of
temperatures of the soils, and also the compressibility of frozen soils so
give the values of corresponding para- as to offer engineers the necessary
meters for the equations here. characteristic. and methods for pre-

dicting the foundation settling on
plastic frozen ground with maintenance

INTRODUCTION of its negative temperature, the
authors have pursued the compression

The study on the deforuability of laboratory tests on about 200 samples
frozen soils at negative temperatures of frozen Fenghou Shan loam, frozen
is of great theoretical and practical Lanzhou medium-grained sand and
importance. When designing founda- laboratory-made pure ice for the past
tions to be built on permafrost, many two years, and meanwhile, we have also
design engineers totally took the investigated the elastic (reversible)
frozen subsoils at negative tempera- deformations of the frozen soils.
tures as a practically incompressible
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CJ 60

Vk 20

0
Figure 1. Cross section of sam- 50 0.5- 0 .0o

ple container. 1-steel bearing Grsin size in mm
plate; 2-leaded ring; 3-sample -

container. Figure 2. Gradations of soil samples tested.

EXPERIMENT lowered to the following values:
2.08x0 -5 

hr
-1 

for the sample tempera-
Test Method ture being hifher than -1.0

0
C, and

1.04x10- hr
-  

for that being lower

The experiments were carried out than -I.0C.
on a modified soil consolidation test
apparatus set in a small low-tempera- Tested Materials
ture room equipped with a thermostat,
by which the fluctuation of tempera- The experiments were carried out
tures of samples could be controlled on the two types of soils, the Fenghou
not more than ±0.1

0
C. The frozen dis- Shan loam from Qinghai-Xizang Plateau

turbed soil samples were put into a and the Lanzhou medium-grained sand.
self-made steel container (see Figs 1) Their gradations are shown in Figure
with a cross-section area of 45 cm 2, and part of their physical indi-
and a height of 4 cm. The pressed cators are listed in Table I.
unfrozen water was allowed to flow out
from the top of the container during
compression. The testing load was ANALYSIS AND DISCUSSION
mechanically applied with a same load
increment, and therefore the compres- Elastic Deformation of Frozen Soils
sive pressures applied to samples
remained ideally constant during the The elastic deformations of
whole period of experiment. The com- frozen soils are clot-ely responsible
pressive deformation of tested samples for the effects of dynamic load (ex-
was measured by the dial gauges with a plosion, impact, vibration, seismic
distinguishability of 0.001 cm, and it oscillation, etc.) on frozen bases
was considered to have come to a under structures and buildings; thus,
steady state if the strain rate has it is absolutely necessary, for pre-

Table I. Physical indicators of soil samples tested.

Liquid Plastic Plastic Freezing
Soil limit limit index tem.* Saltness**
type W1 , %W p, 6 f, C Z %

Fenghou Shan 23.6 14.5 9.1 -0.27 0.082
loam

Lanzhou medium- .... .. -0.36 0.096
grained sand

* After Tao Zaozian's experiments.
** After Chang Xiaoxia's experiments.
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dicting the behaviors of structures of a continuous, uniformly distributed
and buildings and their foundations load (one-dimensional problem), the
under dynamic load, to master the normial elastic modulus of frozen soil
knowledge of elastic-property charac- E (kg/cm2 ) can be calculated by the
teristics of frozen subsoils. In ad- expression
dition, mastering the knowledge is
also very significant for the applica- E - p-h/s(1
tions of seismological, ultrasonic and
optical methods to the investigations where p is the compressive stress; h
of frozen soils, is the height of sample, and s is the

As far as authors know, there is gauged resultant elastic (reversible)
no definite conception on the elas- deformation of the samples for the
ticity of frozen soils up to now, but first time of unloading.
it seems to be certain that the Some of the values of elastic
so-called elastic behavior of frozen modulus E for frozen Fenghou Shan loam
soils is quite different from that of and Lanzhou medium-grained sand cal-
common elastic materials, i.e., much culated by eq. (1) according to test
of the elastic strain of the former data are presented in Tables II and
cannot repeat at each different cycle III, respectively.
of loading-unloading because the We can see on inspection of the
frozen soil is a polyphase compound above data that the elastic modulus of
body, but not a homogeneous elastic frozen soils is variable and depends
body. (Most researchers consider it upon the soil temperature and mois-
as a viscous-elastic body or a vis- ture, soil composition, and the range
cous-plastic-elastic body.) There- of external pressure; among which, the
fore, the so-called elasticity of negative temperature serves the
frozen soil is actually a kind of governing one--the lower the negative
*quasi-elasticity." temperature of frozen soil, the great-

The so-called elastic deformation er does the value of its elastic
discussed here refers to the resultant modulus become. If we take no account
(steady) reversible deformation of of the effects of water content of
frozen soil samples occurring after frozen soil on its elastic modulus
the first time of unloading at any (i.e., take the averaged value of
load level. Experiments show that the several elastic moduli of the same
amount of the reversible deformation soil material for various water con-
of frozen soils is little, and, gen- tent at a certain negative temperature
erally only consititutes 10-30% of as an average_-normal elastic modulus
that of the total compaction deforma- of the soil, E, at the temperature),
tion, and especially for ice-rich then we can draw Figure 3 according to
plastic frozen soils, this percentage our experimental results.
is lesser, even less than 10%. Apparently, from Figure 3 the

As is known to all, in the case average elastic modulus of frozen

3

C -1 -2 -3 -4. -5 -i -7
- 0-

Figure 3. Average normal elastic modulus of
frozen soils as a function of negative temn-
perature -0.
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..... soils. III 2Ii T

soils E (kg/cm ) as a function of the factors dependent on soil composition
temperature -e can be approximately and applied pressure, and their cal-
described by the following linear culated values from Figure 3 are pre-
relation at not too low temperatures sented in Table IV.
(above -5 to -7°C): It can be also seen from Figure 3

R - a+ b- (2) or Tables 11 and III that the elastic
modulus of frozen soils is closely

where e is the absolute value of the related to the external pressure: the
negative temperature of frozen soils elastic modulus increases with the
in 0C; a and b are the experimental increase in external pressure. And

Table II. Values of normal elastic modulus E for frozen Fengou Shan
loam.

E, kg/cm2  E, kg/cm2 ,
in the following in the following2
pressures, kg/cm2  pressures, kg/cm

0 ' OC w, Z 2 8 8, _C w, % 2 8

18.3 200 604 21.1 678 1,649
-0.5 34.7 258 571 -3.0 33.3 850 1,720

98.7 533 1,103 48.3 1,026 3,137

-0.7 13.8 - 1,176 20.0 2,758 5,614
-5.0 22.8 2,105 5.926

18.4 678 762 24.6 1,356 2,500
-1.0 32.6 426 1,231

69.0 374 2,000 -6.6 18.3 2,667 4,700

21.0 291 988 22.0 -- 4,571
-2.0 33.3 1,081 2,645 -7.0 31.0 - 4,556

48.3 777 2,162 84.0 -- 6,400

Table III. Values of normal elastic modulus E for frozen Fenghou
medium-grained sand.

E, kg/cm2  E, kg/cm2 ,
in the following in the following
pressures, kg/cm2  pressures, kg/cm2

8, -C w, % 2 8 6, -C w, % 2 8

6.0 419 1,087 13.5 - 1,600
-0.5 13.4 900 1,580 -1.5 19.8 -- 1,524

19.5 667 1,208

7.4 - 2,000
6.0 - 1,461 -3.0 12.3 1,460 2,130

-0.7 10.9 - 1,524 15.5 800 2,286
19.8 - 1,481

-4.3 12.3 1,600 2,909
4.0 544 1,448

-1.0 5.5 615 1,524 6.6 1,194 2,581
13.4 1,181 1,583 -5.0 12.6 3,211 5,531

18.4 530 1,468

7.8 - 2,280
-1.2 11.7 - 1,067 6.6 2,222 2,406

16.8 - 810 -7.0 12.6 2,500 5,000
18.4 2,060 3,404
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Table IV. Values of a and b in equation 2.

a, kg/cm2  b, kg/cm2

Soil type p-2 kg/cm2  p-8 kg/cu2  p-2 kg/cm2  p-8 kg/cm2

Fenghou Shean loam 200 700 350 600

Lanzhou medium- 470 1,200 210 300

grained sand

Table V. Values of elastic modulus
Ei for ice samples.

Ei, kg/cm
2

6, -C p-2 kg/cm2  p-8 kg/cm2

-0.5 889 2,462

-1.1 -- 3,450

-1.5 - 3,050

-4.3 2,667 5,333

-7.0 4,000 6,400

this just stands the opinion that the than that of ice. This is probably
elastic behavior of frozen soils is because the Lanzhou medium sand con-

quite different from that of common tans more fine mineral particles.
elastic materials. We note that the values of elas-

Additionally, experimental re- tic modulus of frozen soil obtained by
sults indicate that the moisture of the method employed here are in good
frozen soils also has a certain in- agreement with those calculated from
fluence on elastic modulus. But, the the results of the field load-test on
available test data is not enough to frozen ground and ground ice (2,3) and
analyze this influence quantitative- of the unaxial compressive test on
ly. However, on inspection of the frozen soils (4) performed by the
data listed in Tables II and III it authors.

seems that there is such a law; i.e.,
for frozen sand the values of elastic Compressive Deformation of Frozen
modulus rank the maximum in the case Soils
of water saturation or around, while
for frozen loam they increase with in- Time variation of compressive
creasing moisture content, finally deformation during compacting
being close to that for ice samples The compacting of high-tempera-
with the averaged density of about 0.9 ture frozen soils is a highly complex
g/cm 3 (see Table V). physicomechanical process governed by

Generally, the value of elastic the deformability and displacements of
modulus of frozen sand is greater than al components--gaseous, liquid (unfro-
that of frozen clayey soilsand that zen water), viscoplastic (ice), and
of ice is between them both (1). How- solid (mineral particles) (1). Among

ever, our test results indicate that these, both the liquid and solid phases
there is no significant difference of water behave most actively, invari-
between the value of elastic modulus ably undergoing phase transitions with
for frozen Lanzhou medlum-gralned sand each other during the whole compact-
and that of frozen Fenghou Shan loam, ing process so as to keep the dynamic
and both of them are considerably less equilibrium between them. The pre-
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vailing process is the thawing of ice of frozen soils was different at dif-
at the heavily stressed points of con- ferent test conditions (temperature,
tact between mineral particles and the moisture, soil composition and exter-
subscquent migrating, filtrating and nal pressure). Figures 4 and 5 show
refreezing of the melting water, to- the increase in the measured compact-
gether with the compacting and dis- ing deformations with the passage of
placement of ice crystal and soil time t under stepped load with the
particles under pressure, resulting same load increment of 2 kg/cm for
in the changes in volume and struc- frozen Fenghou Shan loam and Lanzhou
ture of the frozen soils during com- medium-grained sand, respectively.
pression. Obviously, these curves are different

Experiments showed that the time in their patterns. For example, for
variation of compressive deformation frozen loam the compacting deformation

3 o3

~4 3.

Figure 4. Time variation of compacting deformation (s) in frozen Fenghou Shan loam
under stepped load.

'6| t - -.

Figure 5. Time variation of compacting deformation (s) in frozen Lanzhou
medium-grained sand under stepped load.
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kg/cm even as the negative tempera-
ture of the samples is close to their
thaw point. This could be explained
by the fact that the unfrozen water
content of frozen sand is very small

12 and the "excessive" unfrozen water can
flow away from the samples very
quickly under pressure.

. According to the s-t curves men-
0 tioned above, the compacting deforma-

tions of frozen soils can be divided
4 into three stages--those of instan-

taneous, nonsteady and steady compac-
tion. Their corresponding deforma-

- - - tions are called the instantaneous,

o. filtration-migrational (or primary
creep) and decaying creep (or second-
ary creep) deformation, respectively

Figure 6. Unfrozen water content wu  (1). Obviously, the filtration-
of frozen Fenghou Shan loam as a migration deformation occurs primar-
function of its temperature -0. ily within a very short time interval
(After Zhang Jingshen et al., 1981.) after loading because it mainly re-

sults from the seepage of unfrozen
water and compression of soil pores,

proceeded very slowly with the passage while the decaying creep deformation
of time; in other words, it took a invariably lasts a long time because
long time to come to a steady strain it is related to the local melting of
state, especially for the high- ice, recyrstallization and rearrange-
temperature, ice-rich frozen loam (see ment of mineral articles.
the curve 2 in Fig. 4). We call this Experiments show that for the
long-term deformability of frozen high ice content plastic-frozen soils
clayey soils the "secondary consolida- the filtration-migrational deformation
tion" (secondary creep), and the composes only a small fraction (abo,t
authors consider that it is caused by 1/5 to 1/3) of the total compacting
the existence of a considerable amount deformation, and the compacting defor-
of anfrozen water in the frozen soils mation is always attenuating (of
(see Fig. 6), and that it must be course, in the case of without lateral
taken into account in engineering spreading of the soil), having the
practice concerned with the high- similar pattern of the s-t cuve to
temperature plastic frozen ground in that of the decaying creep curve
permafrost areas, obtained from a typical creep test on

However, as the temperature of frozen soil (5). Therefore, if the
frozen loam is low enough (say lower filtration-migrational deformation is
than -5'C, the limit of substantial not taken into account, then the total
water-to-ice phase transitions), its compacting deformation at of frozen
compacting deformation can reach a soils at any time t can be approxi-
steady state within a short time (a mately predicted by the hereditary
few days), and the amount of deforma- creep theory (using the hyperbolic
tion is very small. This is due to creep coefficient) (1), or by the
the significant decrease in unfrozen following power-law equation presented
water content of the frozen loam in by authors
this case.

But, for frozen sand, the com- t So(t/T )k (3)
pression s-t curve is of a quite dif-

ferent pattern. From Fig. 5 it can be where so is the referring creep de-
clearly seen that the most amount of formation corresponding to an arbi-
deformation of samples occurred within trary To after the beginning of creep,
a very short time after loading and it and k is the nonlinearity parameter
quickly came to steady state, whether dependent upon the temperature, mois-
the soil-tested temperature was high ture and applied pressure for frozen
or low. For example, the compacting soils. Experiments found that for
deformations of frozen sand samples frozen loam with 8 - -0.5*C and w =

could come to steady state in a few 40.6%, k = 0.35 as p - 2 kg/cm 2 , and
lays under an applied pressure of 8 k = 0.44 as p 4 kg/cm 2 .
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in constrast , z , sur. The temperature of 
frozen soils

especially for the hgh-temperature 
was found to have a substantial influ-

frozen sand, the filtration-mgration 
ence on its compressibility coefficient.

deforaton composes the most part According to our test data, a series 
of

(near 70-90%) of the total compaction graphs of the summary relative com-

deformaton 
pressbility coefficient a r against

Compressibility coefficient of 
the negative temperature -0 were drawn

frozen soils 
up respectively for frozen Fenghou Shn

The compressibility 
of frozen loam (Fig. 7) and 

frozen Lanzhou medium-

soils is a conventionally 
used char- grained sand (Fig. 

8) at various water

acterstc describing the compressive contents and different external pres-

deformability of frozen soils under 
sures. Evdentl , these curves

load, and also a basic factor for 
pre- ndcate that a r invariably in-

dicting foundation settling on plastic 
creases with Increasing temperature,

frozen subbases with maintenance 
of and the relations between them can 

be

negative temperature, so that it is well described by the following

one of the most important mechanical 
power-law equation (except for Fig. 

8a

characteristics of frozen soils. 
and b)

The compressibility coefficient 
E B/e

of frozen soils discussed here refers 
a .Ae (4)

to the summary relative compressiblity
coefficient as the strain of frozen 

where 0 is the absolute value of the

samples comes toosteady, and is marked negative temperature of frozen soils

with the sybol o E r "  
in C, and A and B are experientally

Experiments showed that the om- determined parameters dependent upon

pressibility coefficient of frozen 
soil- the water content of frozen soils 

and

was mainly governed by the temperature 
external pressure. Some of the values

and moisture of frozen soils, its 
com- of A and B, which are calculated 

by

position and the range of external 
pres- authors from test data wth the re-
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Q aWz9I" gressive statistical method, are
a listed in Table VI.

We note that the compressibility

coefficient of frozen soils varies
"-v- _ ery rapidly with their temperature

, - -. within the range of higher tempera-
- - -, -6 - tures (say, for frozen loam, above

-0, "C -1.OC). It means that in this case a
very little change in temperature of
frozen soils would result in a great

pressibility coefficient. From this

point of view, thus, when a structure
is to be built on warm permafrost, it

. -might be very important and signfi-
-icant for engineers to try to make the

S -, - . 1 ground temperature of the working

-e, "c high-temperature frozen subgrade as
low as possible, at least lower than
the limit of rapid change of its coa-

pressiblity coefficient, and to choose'I the design temperature of the subgrade
C) W: J-221 carefully and reasonably.

Water content of frozen soils

Z' also has a certain influence on its
compressibility coefficient. For

P C example, from examination of the data
* 1 given in Figure 7 or Table VIII we can
6 ~see that for frozen loam with higher

temperature the coefficient catr is
greater at the range of water content
of 18-40%, and smaller at that of <17%

" -or >50%. But, at lower temperature
-I. "C this difference seems to be insignifi-

cant. And, it might be inferred that
Figure 8. Compressibility coefficient the coefficient Q r of frozen loam

as a function of -8 for frozen may decrease with further increase in

Lanzhou medium-graiped sand. its moisture content, and finally he-
p: o - 0 to 2 kg/cm ; * - 0 to 8 come close to the value of atri of
kg/cm2  ice (see Table VII).

Table VI. Values of a and b in equation 4.

Soil type p, kg/cm2  W, 2 A, kg/cm2  B, -C

<17 0.0019 0.8
0-2 18-28 0.0015 1.6

30-40 0.0012 1.5
50-90 0.0013 1.3

Fenghou Shan
loam <17 0.0022 0.5

0-8 18-28 0.0015 1.1
30-40 0.0011 1.2
50-90 0.0010 0.8

Lanzhou medium- 0-2 18-23 0.0030 1.2
grained sand 0-8 18-23 0.0027 1.6
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Table VII. Values of atr of polycrystalline ice under the pressure of 2

kg/cm 2 .

8, 6C -0.4 -0.6 -1.1 -1.5 -4.0 -7.0

ari cm 2/kg 0.0160 0.0090 0.0050 0.0040 0.0030 0.0019

Note: 1. Density of the ice samples tested averaged above about 0.9 g/cm3

2. Standard for considering the strain of the ice samples to be steady was
2.08xl0- hr-1 .

Another factor that also has a might result from the fact that, as is
strong influence on the compres- mentioned above, the sand tested con-
sibility coefficient of frozen soils tains more fine mineral particles and
is the applied pressure. Some of the has lower compressive resistance.
experimental values of aEr for
frozen Fenghou Shan loam and Lanzhou
medium-grained sand at different CONCLUSIONS
ranges of pressure are listed in
Tables VIII and IX, respectively. The results lead to the following
These data clearly indicate that the conclusions:
coefficient ar of frozen soils is 1. The values of normal elastic
closely related to the applied pres- modulus of frozen Fenghou Shan loam
sure, especially fo their negative and frozen Lanzhou medium-grained sand
temperature being higher. Just as un- obtained by the method employed here
frozen soils, the coefficient air varied from 1,000 to 5,000 kg~cm2

of frozen sand invariably decreased under the pressure of 8 kg/cm and

with the increase in the range of ap- from 352 to 2,600 kg/cm2 under that of
plied pressure. However, there ap- 2 kg/cm , respectively, at the temp-
peared to be a different case for erature not lower than -7*C, and is in
frozen loam with high negative temp- good agreement with that calculated
erature, i.e., the value of cair at from the results of the field load-
the rInge of middle pressure (6-8 test and and laboratory uniaxial com-
kg/cm ) is frequently greater than pression test done by authors. Within
that at the range of lower pressure this range of negative temperature,
(2-4 or 4-6 kg/cm2). the elastic modulus of frozen soils as

In both Figures 7 and 8, we have a function of their temperatures can
drawn the curves of Jr-e at the be well described by the linear equa-r 2,pressures of 2 and 8 kg/cm2

, respec- tion E - a + be.
tively. Obviously, the value of J r  2. The compacting deformation
for the former is always greater than with lateral spreading of the frozen
that for the latter at the same ten- soils prevented will always be at-
perature, and the difference is closely tenuating, and for the high-tempera-
associated with the soil temperature: ture frozen cohesive soils the de-
the higher the soil temperatures the caying creep deformation constitutes
greater does the difference become. most parts (70-90%) of the total com-

In addition, experiment has shown paction deformation, so that the time
that the compressibility of frozen variations of compacting deformations
soil depends upon the soil composition of the frozen soils can be predicted
itself. According to our test data, by the hereditary creep theory or by
the coefficient a r of frozen the power-law expression
Fenghou Shan loam is generally greater
than to'at of frozen Lanzhou medium- st = o0 (t/T )

grained sand at higher temperature
(say ahove -1.5*C), while there seems presented by the authors.
to be an insignificant difference 3. The values of summary com-
between them, and sometimes, the pressibility coefficient aizr of
latter becomes even greater than the high-temperature plastic frozen soils
former at lower temperature. This rank a considerably order, and there-
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Table VIII. Values of summary relative compressibility coefficient oEr for
frozen Fenghou Shan loam.

Values of Cr x 10

Soil temp- Physical indicators c 2 /kg, in the followi g
erature Water content Dry density pressure ranges, kg/cm
e, 0C w, % r d , g/cm 0-2 2-4 4-6 6-8

14.2 - 263 62 28 20
-0.3 20.2 - 444 110 44 21

35.8) - 1009 284 126 65
14.3 -- 130 41 33 34

23.1 1.56 305 21 13 74
-0.5 26.4 -- 230 55 37 138

34.0 1.31 293 27 21 91
40.6 - 320 112 93 175
52.5 1.06 168 26 17 61
18.31 1.72 203 44 34 90

-0.6 23.7( - 160 74 73 171
34.7 1.29 195 33 27 61
98.6 0.68 101 28 24 48
31.51 1.38 73 48 18 22

-0.9 20.7 1.63 108 75 30 26
65.3) 0.93 46 34 10 12
18.4 1 1.72 105 37 27 34

-1.0 32.6 1.34 75 22 14 24
69.0) 0.86 33 14 8 24
18.91 1.68 88 42 34 5

-1.2 31.4 1.39 60 29 23 4
54.0 1.06 39 18 10 4
16.5 1.85 40 30 40 28

-1.5 38.0 1.31 22 3 25 23
50.2) 1.12 30 20 23 30
16.5 1.70 31 36 40 46

-2.0 33.0 1.34 25 13 17 14

66.0 0.91 23 11 13 10
17.6 1.76 14 43 45 83
21.7 1.59 30 65 64 14

-2.5 25.6 1.52 18 32 43 50
31.9 1.35 19 22 43 25
37.6 1.30 19 9 17 9
50.6 1.07 17 12 22 17
18.1 1.69 19 26 28 46

-3.0 31.1 1.33 25 33 27 30
73.61 0.85 16 9 12 10
17.6 1.74 34 90 80 73
21.7 1.56 19 50 51 47

-3.4 25.61 1.53 20 33 48 58
31.91 L.39 20 6 9 13
37.6 1.26 26 11 20 20
50.6k 1.07 46 9 17 20
16.5 1.85 25 15 8 -

20.9 1.70 14 14 13 15
-5.0 27.3 1.51 18 16 11 12

30.4 1.43 9 9 8 9
38.0 1.31 16 10 5 -

50.2 1.12 28 4 3 --

32.9 1.41 9 6 8 -

-7.0 41.2 1.18 16 LO 12
51.6 1.06 14 11 16
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Table IX. Values of summary relative compressibility coefficient tir for
frozen Lanzhou medium-grained sand.

Values of aE x 10- 4

r

Soil temp- Physical indicators cm2 /kg, in the following

erature Water content Dry density pressure ranges, kg/cm
2

8, *C w, % rd , g/cm 0-2 2-4 4-6 6-8

7.6 1.71 37 29 23 33
-0.4 14.2 1.74 63 28 20 15

23.6 1.55 410 52 30 24

4.0 1.66 120 19 25 32
5.5 1.75 i'3 I1 11 19

-0.5 6.0 1.57 148 109 58 43

10.9 1.68 45 29 22 19
13.4 1.73 320 15 8 16
19.8 1.57 205 42 57 34
5.01 1.63 78 45 38 20

-0.7 10.9 1.73 32 28 24 21
12.3 1.74 116 25 15 13
20.4 1.59 200 65 35 28

-0.8 6.01 1.57 40 95 54 41
-0.9 9.5I 1.72 35 30 22 19

7 81 1.70 50 20 11 11
-1.1 11.7 1.75 50 116 25 15

16 .8 1.62 162 72 28 18
4.0 1.66 120 19 25 32

-1.3 5.5 1.75 113 11 11 19
13.4 1.73 320 15 8 16

7.7 1.57 67 - - --

-2.2 12.3 1.69 65 43 26 23
15.5 1.73 50 48 36 38
7.4 1.69 45 24 24 14

-3.0 13.0 1.75 68 34 30 26
19.8 1.61 41 27 31 60
4.5 1.60 55 35 35 35
6.6 1.69 35 17 12 14

-4.3 12.6 1.80 26 24 30 15
15.2 1.76 40 50 40 25
18.4 1.64 57 26 28 29
20.4 1.59 40 35 40 40
6.5 1.67 20 20 15 13
6.6 1.63 19 17 14 13

-7.0 12.61 1.85 19 14 16 22
14.7 1.73 25 25 30 50

18.41 1.65 27 14 19 12
22.71 1.54 27 16 17 15

fore, the compressibility of plastic E B/O
frozen soils must be taken into ar  Ae

account in prediction of foundation
settling on the plastic frozen sub- 5. In view of the fact that

grade with maintenance of negative there is a considerable difference
ground temperature between the limiting temperature for

4. The compressibility coef- differentiating the hard frozen soils

ficient of frozen soils is substan- and plastic frozen soils obtained from

tially governed by the soil tempera- our test data and that used in common

ture, and its varying with temperature (the former is lower than the latter),can be expressed by the power-law the authors therefore consider that it
equation: is necessary for researchers system-
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atically to investigate the compressi- Permafrost Research, Chinese
bility of various typical frozen soils Science Press (to be published).
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FROZEN SHAFTS UNDER
TIME-DEPENDENT LOADING

H. Winter Institute of Soil Mechanics and Rock Mechanics,
University of Karlsruhe, D-7500 Karlsruhe, Germany

ABS TR.\,CT

A semi-analytical solution for the temperature variation can be worked
creep convergence of a frozen shaft is out.
discussed. A frozen shaft is considered The material behavior for time-
as a rotationally symmetric, thick-walled dependent loading is modeled by a piece-
cylinder under internal and external load wise power law which admits the use of
with negligible gradients in vertical the reference solutions to construct solu-
direction. tions for the shaft problem under time-

A power law is used for the descrip- dependent loading. The creep deformation
tion of the material behavior during the and the stresses of the shaft for vary-
primary and secondary phase of creep. ing load as an explicit function of time,
This creep law reflects explicitly the load, and temperature variation can be
influence of time, temperature, and stress used in failure criteria against stress
on the creep deformation whereas stress failure and excessive deformation.
and temperature history are contained im- Examples from actual shafts and pro-
plicitly in the parameters of the material posals for optimal design are given in
law. Taking into account the radial vari- this paper.
ation of temperature reference solutions,
i.e. solutions for unit time, load and
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LONG-TERM CREEP OF FROZEN SOIL
IN UNIAXIAL AND TRIAXIAL TESTS

Wolfgang Orth, Dipl.-Ing. Institute for Soil Mechanics
Helmut MeiBner, Dr.-Ing. and Rock Mechanics

University of Karlsruhe
D-7500 Karlsruhe, Germany

ABSTRACT oratory tests on undisturbed frozen soil
samples and additional in situ measure-

Samples of frozen, fine grained, ments of deformations in frozen shafts.
silty sand are tested in uniaxial and To find out the influence of the tempera-

triaxial tests. Sampling took place in ture and stess history, the specimens
situ from frozen subsoil in shafts of are taken from deep frozen shafts with
up to 300 m depth. Additional samples registration of the sample orientation.
were prepared and frozen under labora- The tests are run under different states
tory conditions. Stresses and tempera- of stress according to those in situ.
tures in the laboratory simulated the Test results obtained from cores
ones in situ. are usually influenced by inhomogeneities

The creep behaviour is tested in such as fissures etc. Therefore, tests

triaxial compression and extension tests were performed on cores from shafts as
as well as in uniaxial creep tests of well as on artificially frozen samples.
about 1000 hours duration. All samples The artificially frozen samples were
had lubricated and enlarged end platens subjected to the same stress and tempe-
and a height to diameter ratio of 1.3 rature history as those suggested for
or less. the cores. In this paper preliminary

The tests show that the creep be- test results are reported. The influence
haviour depends on the direction - the of different stress states on the creep
stress path in the deviatoric stre: is shown.
plane. The creep rate was never constant,
i.e. a so-called secondary creep phase
was not observed. A creep law is pro- 2. SAMPLING
posed, which describes the observed
creep behaviour. The undisturbed samples of frozen

soil have been taken from the bottom of
the shafts in blocks having a size of

I. INTRODUCTION about 40 x 40 x 40 cm. The location of
the blocks was precisely registered, and

For the calculaLion of buildings in immediately after sampling the blocks

frozen soil (e.g. tunnels, shafts, ex- were transported to the laboratory. To
cavations) it is necessary to predict avoid a disturbance of the cores by

strength and deformations prior to the sublimation drilling took place just
construction. Testing procedures and prior to beginning the tests. (Drilling

calculation methods should be available in the laboratory is much easier than
which enable reliable predictions. To in a shaft, so it can be done more care-
develop such methods a research program fully, leaving the cores more nearly in
is promoted in Germany by the Minister their original condition.)

of Economics under the name "Tiefe Ge- The artificially frozen specimens
frierschlchte", which consists of lab- were prepared in dry state to dense
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packing and then saturated with air-free starts.
water. Freezing then took place under a The temperatures during the tests
load of 0,5 kN/cm2 at a rate of 3,0 de- are -20°C and -100 C, respectively.
grees per hour. The three different test series

are named:
- Series A: artificially frozen sand

3. LABORATORY TESTS samples; uniaxial and tri-
axial compression tests.

3.1 Testing equipmont - Series B Cores from coal mine shafts;
and C: uniaxial, compression and ex-

All tests are carried out in cooled tension tests.
rooms, so that the temperature is con-
stant throughout the testing equipment.
In creep tests a constant load is applied 4. TEST RESULTS
over a duration of 1000 hours or more
unless failure occurs before. The grain size distributions of the

The sample diameter is 10 cm; to materials used in the three test series
ensure homogeneous deformation the are shown in fig. I.
samples are fitted with lubricated and
enlarged end platens and have a height

to diameter ratio of 1.3 or less. A Silt Sand
rubber sleeve preserves the water con- 100
tent of the specimens.

A load cell controls the hydraulic c, 80

load system. Axial strain is measured Z P

by dial gauges and inductive measuring 60

devices; the radial strain by paper
scale-strips used as a gauge. Simulation 40 C
of the state of stress in deep shafts
requires a high confining pressure in 20
the triaxial tests. The triaxial cell
used allows confining pressures of lOObar 0
and a specimen diameter of up to 20 cm. 0,002 Q006 0.02 0.06 0,2 0.6 2
A very stiff load cell for measuring the
axial stress ol outside the triaxial cell
and a sealing of the piston by a bellow
of stainless steel leads to an accuracy
of better than 0,06 % of 07. Fig. 1: Grain size distribution of the

Observation of the specimen and three tested soils
reading of the radial strain scale-strip
is made possible by a newly developed All soils are nearly water saturated. The
optical system. dry unit weight Yd and the water content

are given in table 1.
3.2 Testing conditions

In order to simulate the stress path Test series A B C
the frozen soil is subjected to in situ, Yd[kN/m ] 7,8 16,8-17,7 16,8-17,6

three types of tests are carried out
with a different ratio of axial stress
(ol) to radial stress (03): (compressive Table 1: Dry weight and water content of
stress is defined as positive) the specimens

Uniaxial tests: ol > 0, 03 = 0 The axes of the cores coincided with the
Triaxial compression tests: radial directions of the shafts.
0 • 3 < ol, ol + 203 - const In figs. 2, 3 and 4 the creep
Triaxial extension tests: strains t. = -ln(h/ho) are plotted versus
0 < ii1 " 03, 01 + 203 = const. time.

In triaxial tests the samples are sub- In figs. 3 and 4 results are re-

jected first to an isotropic stress presented of both compression and exten-

(ol = ' ) and, after 20 hours, addition- sion tests. The axial deformations of

ally to a deviator stress. In this way samples in extension tests are denoted

the settling of the end platens is damped as negative.
out before the deviatoric deformation
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strain rates which are plotted versus
time in figs. 5, 6, 7a, 7b.

The strain rate curves are obtained strain rate -it(10
l hi

by graphical differentiation of the creep 6

curves. 
C1]

It can be seen that the tests of 4 ~ C15

all three test series do not yield a so-

called secondary creep phase.

strain rate £ [10"slh.

B 80 200 400 600 800 1000

B 10 time [h]
3 I -- B 101

I " ....B 102
- I .... 104.

2 B___ -- 8106 Fig. 7b: Axial strain rate versus time,

test results of series C, uni-

1 /axial tests

S. .. -tests with the same parameters. This

0_ . .-- means, that the failure surface in prin-

0 200 400 600 800 100 cipal stress space is asymmetric besides

time [hi a 60 -symmetry as shown in fig. 8.
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test results cf series B
Stress path in compression
tests

strain rate i: [10 5 /h]
16 not verified

C 100

12 ........ C 103 -
C - - 104 3 2

S " -Stress path in extension
tests

S /"Fig. 8: Trace of failure surfaces in
octahedral plane for a given time

- iL The jqjts with the same deviatoric

0 200 400 600 800 1000 stress II but different isotropic
time [hi stress I. yield a dependence of the creep

behaviour from 1. also. For frozen sand

Fig. 7a: Axial strain rate versus time, an increasing isotropic stress leads to

triaxial test results of series C an increasing creep rate and earlier fail-
ure. Therefore, a creep law has to include

The symbols IC and Hs used in the follow- both o, and Ia.

ing are defined in chapter 5. With (t7 an For practical purposes this has the

angle in the deviatoric plane is denoted consequence, thcit a plasticity rule like

(fig. 8). that of v. MISES or TRESCA cannot describe

The comparison of compression and the frozen material, and it is not certain

extension1~sts having the same values of whether the parameters taken from com-

IC and U
1s yields a different deforma- pression tests should be used for states

tion behaviour. In all cases the exten- of stress different from those in com-

sions lead to higher creep rates and pression tests.

earlier failure than do the compression
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5. CREEP LAW t : time at the point of inflectionI m of the creep curve

In this chapter a creep law is pro- C : creep deformation at the time
posed, which describes the observed creep m
curves of frozen soil with decreasin,, m
and increasing strain rates. T : temperature

The creep deformations at the times : unit weight of solid constitu-
t are about 1% to 6% as can be seen from s ent
fig. 2 to 4.

Because in all tests only principal e : initial void ratio
strains and stresses have been considered : thermal conductivity
only these are used in the proposed creep
law. The principal strain components ci, cs: volumetric heat capacity
i - 1,2 3 and the stress components k : permeability of the soil
0. are observed to be co-axial. The creep
law has to be independent of the used The creep deformations c. are as-
co-ordinate system. Furthermore, the creep sumed to be functions of the Iarameters
law has to describe the creep behaviour listed above, i.e.

independently of dimensions.

In the following a set of parameters f t. T, y eo X
are listed which are assumed to influence i T, (3)
the creep behaviour of frozen soil. Most c, k)
of these parameters are common to creep
laws of frozen soils and their influence holds with a function f..
can be observed in tests directly. Here The following stress invariants are
the thermal conductivity and the coef- used:
ficient of permeability are used in ad-
dition for the following reasons. I o I + a2 + a 3

Vyalov and Tsytovich (1955) explain
the physical process of creep in frozen IIs s s2 + s

soil by stress concentrations between the s 2 3

soil particles and their points of con- In order to make the creep law in-
tact with the ice. These stress concen-
trations cause pressure-melting of the dependent of dimensions a characteristic
ice: the water moves to regions of lower stress, a characteristic time value and

a relative temperature must be introduced.stress where it refreezes. Other concepts Teevle xs o ahfoe ol

to describe the creep process in frozen These values exist for each frozen soil,

soil are based on the adhesion between and if they are determined in a physic-

the sand particles and the ice (Goughnour ally correct manner a creep law using

and18 F h o t them can be transferred to any frozen

magnitude of creep depends on the type soil.From parameters listed above we
of soil (as sand, silt or clay) as well obtain, by means of dimensional analysis
as on the density of the soil (Eckardt, (GOERTLER, 1975):
1979, Andersland and Al Nouri, 1970,
Sanger, 1968). In these creep concepts characteristic stress:
the basic idea is a transportation process YsX kN
of water and/or ice through a porous c - - I -

medium which depends on the permeability c kc m
2

of the soil. On the other hand, refreezing characteristic time:
is influenced by the heat flow. Therefore,
the coefficients of permeability and heat t s
conductivity are introduced as parameters c csk e

in the proposed creep law. related temperature:
Symbols used for the evaluation of

the test results and the representation 6 = .-1 T - 273,2 [OK]
of the creep law are: Ts

Fi principal strain components It is noted that the subsequent

s. : principal deviatoric stress creep law can also be used with values
omponents of c and t defined in a different man-

G : Lress tensor ner.

t : time
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According to VYALOV (1962) the temperature As b - 0 leads to an only negligible
influence can be described by a tactor. difference for t < tm it can be seen that
Then eq. (I) in dimensionless form reads: for uniaxial tests eq. (4) is equivalent

Ei. IQ s1/2 to the well-known VYALOV creep law.

I ( t I a aFor tests of series A the following
c c c values of the parameters were determined

s. (2) by the method of least squares:
cos3c0 , ed) 1/2 k 1 - 3 m/sec (after TERZAGIII)

X 3,47 W/mK 0  (after ANDERS-

Volumetric strains are defined as cs  1,89 MJ/m OK LANDANDERSON)

I = C 2c = 3,71"10-6 [kN/cmzl
2 te0  1,088 [sec]

Volumetric strains obtained by tests are 0 0,93
time dependent only in the first creep
phase of about 100 hours. During the sub-
sequent creep phase the volumetric strains and (7) then are
remain nearly constant. As was found from III/2-1'85
preliminary tests the volumetric strains t = 8,51.0-I exp[( ) * 7,8.10
can be approximated by CC

t 10 1 a2
1 h2 (j-, -, cosOL, eo) (3) C2c c II1/2 1 ,5  2,2

For compression and extension tests the -8.10-
4 ( s I ( --

deformations 2 and £3 become m I a c

I E £ .

11 1/22,18

2 3 C 1 -1 I s 61O

In the following a functional form 1 )exp(-1 47.10

for g. is proposed. To reduce the number ii,/2 -1,31
of parameters in eq. (2), tests with only 53107( s ) 6
one temperature and one material are con- 2 0 cc
sidered. Furthermore, only compressionc

tests are taken into consideration and
only for C a representation is proposed
as follows.

+X t X2 01-02 The creep curves calculated with these
= £[a( -) + b(-) -/ (4) equations (4), (5), (6), (7) and with

IIs  the determined parameters are shown in
5 fig. 2.

The parameters a and b are found to be

constaut for all test series:
a = 0,97 ACKNOWLEDGEMENTS

b - 0,03 This work was performed under con-

The other auxiliary coefficients tract with DEILMAIN HANIEL GmbH, Dortmund
can be approximated as follows : /W. Germany which is gratefully acknow-

IIt/2 a3  I a4  ledged.

tr t a exp(a 2 (-) )'(a) (5)

111/2 b2 I b3
b ) • (ac) (6)

11 /2 C12  10
l C'-"c )  

exp(c13"0 c )

1 / 2  
c 22 Ic s  exp(c2 c21 Il 2
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COMPARATIVE RESPONSE OF SOILS TO
FREEZE-THAW AND REPEATED LOADING

Bernard D. Alkire, Michigan
Technological University, USA

James A. Morrison, Michigan
Technological University, USA

The shear strength and pore pres- load cycling as they affect the strength
sures at failure from a laboratory test and deformation characteristics of soils.
program are obtained from consolidated To do this, series of four types of tri-
undrained triaxial tests. Tests were axial tests were conducted on two soil
conducted using unfrozen monotonic, un- types compacted to various densities.
frozen, repeated, freeze-thaw monotonic, The unfrozen monotonic (UF-M) tests
and freeze-thaw repeated loading. All served as a control serics to which the
tests were loaded to failure. In addi- other tests were compared. To isolate
tion to the various types of load and the effect of a single freeze-thaw cycle,
temperature conditioning, the effect of the frozen mnonotonic tests (F-N) were
density and soil type are tudied. Sam- conducted and the results compared to
ples compacted at 1.5 Mg/in3 and 1.6 Mg/in3 the unfrozen series. To isolate the ef-
are used to provide information related fects of repeated loading (UF-RL), sam-
to behavior of soils that are "dense" and pies were subject to 600 cycles of load
"loose". Tests on samples of Elo clay between approximately 75% and 25% of the
and Manchester silt provide the results estimated failure load, and the results
for determining the effect of soil type. then compared to the UF-M series. Tests
Results are explained by considering the were also conducted with both freeze-
effect of the various tests on the struc- thaw and repeated loading (F-RL) to in-
ture of the soil. It is shown that a vestigate the combined effect of temper-
soil subject to freeze-thaw may be more ature and stress conditioning.
sensitive to repeated loading than a
soil that has not been subjected to
freeze-thaw. SOILS INVESTIGATED

Manchester Silt: The primary soil in
INTRODUCTION this investigation is Manchester silt

obtained from New Hampshire. The soil
Stress cycling has been shown to is light brown in color with sub-rounded

effect both the strength and deformation to sub-angular particles. The liquid
characteristics of soils. Stress cy- limit is 25% and the plastic limit is
cling can occur by different means such 23%, with a specific gravity of 2.72.
as temperature cycling, (freeze-thaw) or The Unified classification is ML. 95%
repeated axial load cycling. In either of the soil particles are smaller than
case changes in structure brought about 0.074 mmn and 10% are smaller than 0.002
by the stress cycling can be used to nmm.
predict the behavior of soil subject to
stress cycling. Elo Clay: The second soil investigated

It is the purpose of the research was an Elo clay obtained from the west-
presented in this paper to investigate ern upper peninsula of Michigan. The
the effects of freeze-thaw and repeated soil is reddish brown in color. The
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liquid limit is 38% and the plastic limit electro pneumatic regulator and opens to
is 25% with a specific gravity of 2.79. The house air through a controlling valve
Unified classification is CL. 95% of the which is used to increase or decrease
soil particles were less than 0.074 mm the load. For the case of repeated load-
and 30% are less than 0.002 mm. ing, the pneumatic regulator is controll-

ed by a function generator. Pore pres-
sure was monitored with a pressure trans-

SA4PLE PREPARATION ducers mounted on the backpressure piel
and the bottom drainage line of the

Manchester Silt: Samples were pompacted freeze-thaw triaxial cell. Both trans-
to a " nsity of either 1.6 Mg/imJ or 1.5 ducers gave identical results.
Mg/m3 at a water content of 20%. After Samples subjected to freeze-thaw cy-
compaction the samples were removed from cling were frozen in a modified triaxial
the compaction mold, weighed, measured, cell; see Fig. 1. The cell has 9.52 nin
placed in a triaxial cell and saturated copper tubing coil mounted around its in-
before testing. side perimeter. A cooling fluid (ethe-

lene glycol) is circulated through the
Elo Clay: Elo clay samples were formed coil via a refrigerated circulating bath.
by accelerated sedimentation from a clay- The confining fluid used inside the tri-
water slurry in plexiglass cylinders, axial cell is also a solution of ethelene
All samples came qut to a saturated den- glycol and water.
sity of 1.77 Mg/m + 1% and a void ratio
of 1.3 + 1%.

RESULTS

LOADING SYSTEM Shear Strength at Failure: Perhaps the
most important parameter to observe is

Several conventional loading systems the effect of freeze-thaw and repeated
were used for the unfrozen monotonic loading on the shear strength at failure.
tests. However, the repeated load tests For dense Manchester silt, the maximum
and the freeze-thaw tests were run on shear strength at failure is seen plot-
the system shown in Fig. 1. Cell pres- ted against consolidation stress in Fig.
sures were generated by compressed air 2. The values shown here are the aver-
acting through a backpressure panel. The age of all tests for the given type. As
panel independenLly regulates both con- seen here, the effect of a single freeze-
fining fluid and pore pressure. The air- thaw cycle is to increase the shear
driven loading ram is connected to an stress at failure from that of the UF-M

PNEUMATIC L {OADING

REGULATOR jr RAM

STRIP CHART

RECORDER
CONTROL LOAD CE-

FUNCTION

GENERATOR -LVDT

BACKPRESSUREPORE PANEL

REFRIGERATOR /(PRESS.

Fig. I Test Equipmert for Freeze-Thaw and Repeated Load Test.
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600- 0 UF-M o UF-M
a F-M A F-M
0 UF-RL 

0 UF-RL

500 0 F-RL A 0 F-RL

400- Z400
w UF-RL

F-M "RF-RL

0 0 IO0-

I ~ t I
9200-o/ 2200- 5

UF-ML

50 100 150 200 50 100 150 200
CONSOLIDATION STRESS, KPa CONSOLIDATION STRESS, KPO

Fig. 2 Shear Strength versus Consoli- Fig. 3 Shear Strength versus Consoli-
dation Stress for Dense Man- dation Stress for Loose Man-

chester Silt. chester Silt.

control series.
The effect of repeated loading is

also seen to increase the shear strength
at failure significantly (20% to 35%). 0 UF-M
The effect of both freeze-thaw and re-
peated loading is to increase the shear & F-M

strength at low consolidation stresses 0125 UF-RL
and decrease the shear strength at high-
er consolidation stress from that of the U)
control series. 00

For loose Manchester silt, the
trend observed for shear strength at
failure is similar to that observed for W 75--UF-RL
dense silt, for samples subjected to
freeze-thaw or repeated load as can be

seen in Fig. 3. However, the samples A
subject to repeated loauing produced UF-M
higher shear strength than those ob- 0
served in the freeze-thaw tests series.
The results for the freeze-thaw and re- 25-

peated loading tests are the same as for
the dense silt but with greater differ-
ence when compared to the UF-M samples.

For Elo clay, the shear strength at 50 100 150

failure was again higher ior samples sub- CONSOUDATION STRESS, KPO
ject to a freeze-thaw or repeated load Fig. 4 Shear Strength versus Consoli-
cycle than for the unfrozen UF-M control dation Stress for Elo Clay.
series as seen in Fig. 4.

samples showed an initial drop in pres-
Pore Pressure Development: Pore pres- sure of approximately 13.8 kPa as the
sure measurements were observed versus temperature neared freezing. As the
time during all freeze-thaw cycles. A pore fluid began to freeze, a character-
typical response for all tests on Man- istic jump in pore pressure was observed.
chester silt is shown in Fig. 5. All The magnitude of this observed jump is
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FREEZE-THAW MONOTONIC FREEZE-THAW MONOTO", .

CYCLE LOADING CYCLE LOADIN(

-~ 90.W 39 F"- M'-

WU 0,( 138 KPo),

z LL W /-uF- M

. W /

N 3 30RA
020 L -I 0

0V 01

-0STRAIN 1* FM

TIME -200
-30- W

0 0-21

-50

-60

Fig. 6 Pore pressure Response During
Freeze-Thaw and Monotonic Loading

Fig. 5 Pore Pressure Response During for Elo clay.
Freeze-Thaw and Monotonic Loading
f'r Manchester Silt, thaw cycle. Those samples consolidated

at low stress levels showed a net rise of
not considered typical of the pore pres- 6.89 kPa or less after thaw while those
sure at '-he interior of the sample be- consolidated at 68.9 kPa showed a net
cause the observed reading includes the rise of 34.5 kPa and those consolidated
freezing and blockage of the drainage at 138 kPa showed a net rise of 68.9 kPa.
lines leading from the sample. Freezing Following the end of thaw the samples
was continued for approximately two hours were either loaded monotonically to fail-
after the initial jump in pore pressure ure or had a repeated load applied fol-
to insure complete freezing of the sample. lowed by monotonic loading to failure.
When freezing was stopped and thawing Typical examples of the pore pressure
cornmenced, a rapid drop in pore pressure change during monotonic loading for Man-
was observed, followed by a second small chester silt and Elo clay are shown in
rise which slowly dissapated over a per- Fig. 5 and 6 respectively.
iod of approximately 16 hours, leaving a
net decrease in pore pressure of approxi- Pore Pressures at Failure: A parameter
mately 13.8 kPa. This net decrease in of interest in determining the effects of
pore pressure corresponds to a net in- freeze-thaw or repeated loading on soils
crease in the effective stress state of is the pore pressure observed at failure.
the sample after freeze-thaw condition- The final pore pressure for samgles of
in" dense Manchester silt (1.6 Mg/m ) are

Samples of Elo clay that were sub- shown in Fig. 7. As seen here, all tests
ject to freeze-thaw conditioning showed showed negative pore pressure at failure.
siwl, ar pore pressure response to that of The pore pressure for the UF-M control
Manchester silt during the pre-freeze and series is seen to be a uniform -30 kPa.
frozen portions of the freeze-thaw cycle. The effect of both a single freeze-thaw
However, the residual pore pressure and cycle and repeated loading is a decrease
consequentially the effective stress in pore pressure at failure. The freeze-
state after thawing were quite different thaw cycle is seen to rise from -70 kPa
and appear to be dependent on the conso- at low consolidation pressures to -50 kPa
lidation stress as shown in Fig. 6. A at a consolidation stress of 138 kPa.
net increase in pore pressure and cor- Samples subject to repeated loading pro-
respondingly a decrease in the effective duced pore pressures at failure as low as
stress state was observed for all samples -100 kPa. A different result was ob-
of Elo clay subject to a single freeze- served for samples subject to both
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Fig. 7 Pore Pressure at Failure versus Fig. 8 Pore Pressure at Failure ver-
Consolidation Stress for Dense sus Consolidation Stress for
Manchester Silt. Loose Manchester Silt.

freeze-thaw and repeated loading. In
this case, the pore pressures at fail-
ure were approximately the same as those o UF-M
for the unfrozen control series at low - a F-M
consolidated stress and increasing to S U
-5 kPa at 138 kPa consolidation stress. & 90 a UF-R
In all cases, the dense Manchester silt X 80-
showed pore pressures at failure typi- U 70 "

cal of a dilative soil. 6
Pore pressures at failure for loose6 F-

Manchester silt (1.5 Mg/m) are shown 50- LF
in Fig. 8. As expected, higher pore 4 407
pressures at failure were observed for W 30
the loose silt than for the dense silt. I U-RL
The effect of a single freeze-thaw cy- U 20R
cle was a net decrease in pore pressure a. 1X
of between 6.9 kPa and 20.7 kPa compared 0 0
to the UF-M control series. The results -to-
of a limited number of repeated load
tests indicate a trend of higher pore -20
pressures at failure than those for the -3o
soil subjected to a freeze-thaw cycle. :
Tests on samples subject to both freeze- 5o 100 150
thaw and repeated load showed an effect CONSOLIDATION STRESS, KPO
conparible to what occurred for the Fig. 9 Pore Pressure at Failure ver-
dense samples.

Pore pressures at failure for Elo sus Consolidation Stress for
clay are shown in Fig. 9. As seen here, Elo Clay.
pore pressures at failure are nearly
O kPa for samples at low consolidation pressure at failure at all consolidated
stress, rising linearly to 75.8 kPa for stresses. However, one must keep in
samples consolidated to 138 kPa. The mind that the residual pore pressure
effect of a single freeze-thaw cycle is after the freeze-thaw cycle also in-
seen to produce slightly higher pore creased with increasing consolidation
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stress. Therefore, the change in pore is assumed here is the soil, although
pressure due to loading was negligible to initially in a dense state, first be-
a modest increase of 13.6 kPa. comes liquified and then reorganizes in-

to a denser state.
For loose silt, the soil structure

INTERPRETATION OF RESULTS will simply compact into a denser
arrangement producing the increase in

10 samples of Manchester silt are pore pressure observed during the re-
compac. ,it is assumed the initial par- peated load sequence of these tests.
tidle structure is single grained. As Thus, for both the dense and loose silt
soil freezing beings ice crystals will repeated loads produced denser samples
develop along the freezing front. Since with greater strength as noted in the
drainage lines are closed, the sample test results.
will remain at constant volume and as the For samples subject to freeze-thaw
ice crystals grow soil particles will be followed by repeated loading, a general
displaced into a new structure with the decrease in strength was observed at
same void ratio but a larger pore network. failure. An explanation of this can be
As thawing conmmences this "metastable" derived from the observations presented
structure of dense clusters and larger earlier.
void spaces formed during freezing will After freeze-thaw the soil struc-
remain. This change in soil structure ture was presumed to be in a metastable
could account for many of the results ob- state where clumps of densely packed
served for the soil samples following particles are separated by an open pore
freeze-thaw. (This is also in agreement network. Upon application of a repeated
with the structural changes observed by load, the clumps will tend to break a-
Chamberlain (1) on material dredged from part causing a reduced resistance to
waterways subject to freeze-thaw and by shear and lower strengths as noted in
Thomson and Lobacz (4) while observing the tests.
the increased shear strength that de- Therefore, it seems that the
velops along a freeze-thaw interface), strength of a soil after freezing can be
For example, upon loading it was observed explained in terms of structure and
that the loose silt showed an increase in changes in structure brought about by
initial tangent modulus when the uncon- the freezing process. This could be a
ditioned samples were compared to the significant finding since it would imply
samples conditioned with a cycle of that soils subjected to freeze-thaw
freeze-thaw. The dense silt also showed would be particularly sensitive to re-
the same relationship for the initial peated loading. This would make it im-
tangent modulus as well as an increase paritive that adequate seismic analysis
in strength at failure for the freeze- be performed on any structure that pass-
thaw treated silt. Both dense and loose es through a zone of soil subjected to
silt produced dilative behavior at fail- freeze-thaw.
ure after freeze-thaw as indicated by
the more negative pore pressure at fail-
ure. To justify the increase in strengtn SUMMARY
occurring after freeze-thaw, it is as-
sumed that the "metastable" soil struc- In order to investigate the effects
t-ire mentioned earlier is stiffer than of freeze-thaw and.repeated loading on
the normal as compacted structure lead- soils, four series of triaxial tests
ing to the higher strengths. were conducted. Samples were subject to

Similar to freeze-thaw, repeated either one freeze-thaw cycle or 600 cy-
load conditioning also produced higher cles of repeated loading or both and
shear strengths at failure. Here it is then loaded to failure, the results were
assumed that a rearrangement or densi- then compared to those tests without
fication of the soil rather than develop- temperature or repeated load condition-
ment of structure is responsible for the ing.
increases in strength. This explanation The main observations noted were:
has been suggested by Finn, et al. (2) 1) Freeze-thaw conditioning pro-
when examining the response of soils to duced changes in the effective
cyclic loads. He explains that for stress state of the samples; a
dense soils the pore pressure will in- net increase in effective
crease during the initial stage of a load stress for Manchester silt and
cycle and then quickly level off or de- a net decrease in effective
crease for the remaining of cycles. What stress for Elo clay.
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2) Pore pressures at failure were
negative for soils conditioned
with freeze-thaw and repeated
loading in dense silt and for
freeze-thaw on loose silt. Re-
peated loading of loose silt
produced higher pore pressure
at failure. Freeze-thaw pro-
duced high positive pore pres-
sures at failure for Elo clay.
The effect of both freeze-thaw
and repeated loading on dense
silt was generally higher pore
pressures at failure than those
observed in the unfrozen mono-
tonic case.

3) The shear strength at failure
was higher in all cases for sam-
ples subject to either freeze-
thaw or repeated loading. How-
ever, samples of dense silt sub-
ject to both freeze-thaw and
repeated loading produced lower
shear strength at high consoli-
dation stress than those ob-
served for unfrozen monotonic-
ally loaded silt.
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SHORT-TERM CYCLIC FREEZE-THAW EFFECT ON
STRENGTH PROPERTIES OF A SENSITIVE CLAY

R.N. Yang 2
P. Boonsinsuk
D. Murphy

3

ABSTRACT

The problem of strength changes INTRODUCTION
due to cyclic freeze-thaw effects in
freshly cut slopes and surfaces in a The problem of stability of
sensitive clay soil not previously freshly exposed "never-frozen" clay
exposed to frost penetration is examined soils obtained as a result of excavationis
in this study - using undisturbed natural and cut-slopes subject to initial
samples obtained from a field test site. freezing and subsequent cyclic freeze-
In the tests conducted, the strength and thaw is indeed a significant problem.
thixotropic strength ratio of the soil The paramount questions posed relate to
samples in the actual unfrozen state were changes in the mechanical properties of
first established - together with initial the soil because of soil freeze/thaw,
compositional characteristics. Following since standard practice addresses deter-
this, the samples were subjected to mination of soil properties using core
various cycles of freeze-thaw, with samples obtained in the original "never-
strength properties measured after the frozen" soil. Because c! the displace-
first and eighth freeze-thaw cycles. ment and stress effects in freeze/thaw,

The results will examine the eff- 1esultant changes in soil structure will
ects obtained in the cyclic freeze-thaw cur, thus altering (and generally
problem, together with compositional reducing) the strength of the soil. The
influences and control. nature and extent of these alterations

have not been previously modelled or
studied.

1 The soil behaviour after under-
Director, Geotechnical Research Centre going a number of laboratory simulated

and William Scott Professor of Civil freeze-thaw cycles is evaluated in terms
Engineering and Applied Mechanics, McGill of shear strength, liquid limit, pore
University, Montreal, Quebec, Canada. fluid chemistry and soil suction. The
2 RsacAsoitGoehiaRe- results of this study should reflect the

ReserchAssciae, Gotehnial es- effects of seasonal freeze-thaw on fres-
earch Centre, McGill University, Montreal hly cut slopes and surfaces exposed by
3 Professional Research Assistant, Geo- excavation or nature (erosion, landslide,
technical Research Centre, McGill Unive- etc.) in a sensitive clay which lies
rsity, Montreal. below the present frost front.

EXPERIM ENTAL PROCEDURE

The soil samples used in this
investigation were obtained as undistur-
bed block samples from Matagami, northern
Quebec. Each block sample was 20 cm in
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diameter and 7 to 20 cm in height. The -120 C for 12 hours after which thawing
specific blocks employed were recovered was activated at a temperature of +28°C
from the depth between 7.72 m and 8.87 m for another 12 hours, thereby constitu-
below the ground surface. The soil is ting nne cycle of freeze-thaw.
a sensitive v. rved clay with alternate The effects of cyclic freeze-thaw
light and dark layers of which the exact on the specific properties investigated
boundaries are difficult to locate. The will be discussed in the following
general properties of the soil in this sections together with the details of
depth are summarized in Table la and lb. test procedures involved.

Table la Physical Properties of the RESULTS AND DISCUSSION
7.72 m to 8.87 m Depth Layer Shear Strength

Plastic limit 24-29%
Liquid limit 65-83% The undisturbed shear strength of
Natural roisture content 83-94Z the natural soil was first determined
Sensitivity (fall-conemethod) 4-]0 by performing the fall-cone test direc-
Clay content (less tly on the horizontal faces of the block

than 2 m) 70-75% samples. For cyclic freeze-thaw testing
Sithan 70-75 undisturbed samples, each being 4.5 cm

Sand 0- 2% in diameter and 4.5 cm in height, were
carefully trimmed from the block samples
and installed in plastic containers of
similar diameter which were insulated

Table lb Semiquantitative Mineralogical with thick styrofoam on all sides except
Composition of the 7.72 m - the top to simulate one dimensional

8.87 m Depth Layer* freezing and thawing. Drainage facility

Illite 30-40% was provided at the bottom of each sam-

Kaolinite 5-10% ple for the 'open system' series. For

Quartz 35-45% both 'closed system' and 'open system',
Feldspar 10-15% the shear strength was determined by the
Feldsre 0-15% fall-cone method at the end of the
Horneblende 0- 5% specified number of freeze-thaw cycles
Lime 2- 4% (at 1 and 8 cycles). Subsequently the

Amorphous 10-12% sample was remoulded and tested again
at various aging times to evaluate its
thixotropic strength gain. The aging

from X-ray diffractograms and semi- times investigated for the closed system
quantitative analysis - done by peak (no drainage) were 1,2,4,8 and 41 days
height comparison with pure minerals while those for the open system (with

drainage) were 1,2,4,8 and 32 days. The
The overall test program is summa- moisture content in each sample was kept

rized in Table ? together with the depths constant at all times during the test.
of the block samples used. Several The results of the shear strength at
blocks from different depths had to be different numbers of cyclic freeze-thaw
tested due to the extensive test program and aging times are shown in Fig. 1.
and the limited availability of the It is evident from Fig. Ia (no
samples. Nevertheless the samples were drainage) that freezing and thawing can
located within 1 m from each other. In cause a significant degree if disturbance
general, the physico-chemical properties in the sensitive clay tested. At the
of the natural soil were first establi- end of thawing, free water usually
shed as references while certain charac- appeared on top of the samples, thereby
teristics of interest were evaluated preventing any meaningful measurement of
after the samples underwent the required shear strength at '0' aging days.
number of cyclic freeze-thaw cycles. Increasing the number of cycles of

Two test conditions were imposed freeze-thaw obviously leads to a decrease
during thawing, namelyt closed system in the shear strength. Note that most
(i.e. constant moisture content through- of the strength reduction occurs in the
out the freeze-thaw cycles) and open first freeze-thaw cycle. This observa-
system (i.e. permitting drainage during tion is particularly significant since
thawing while allowing no water up-take it dramatizes the problem of first exp-
during freezing). Fach sample was osure of "never-frozen" clays. Of
subjected to a freezing temperature of
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particular interest is the observation dark layer when compared to the light
that the first freezing and thawing one. The complex distribution of mois-
cycle results in lower remoulded stren- ture content would undoubtedly compli-
gths when compared to that obtained by cate the soil behaviour during freeze-
the manual remoulding process ('0' cycle), thaw.
Such a phenomenon indicates that freez-
ing a sensitive soil with its natural Liquid Limit
moisture content higher than the liquid
limit produces a relatively high remoul- To determine the influence of
ding energy due to stresses generated in cyclic freeze-thaw on the liquid limit,
volumetric expansion of the pore water soil samples were subjected to various
during phase changes from water to ice. numbers of freeze-thaw cycles in both
In addition, the rate of thixotropic systems, i.e. closed system (no drainag)
strength gain of the soil subjected to at 10,20,30,40,70,80 and 90 cycles and
cyclic freeze-thaw appears to be open system (with drainage) at 1 to 8
slightly less than that of the natural cycles. Due to the limited availability
soil. of block samples, the samples used in

The effects of cyclic freeze-thaw this test series were taken from diffe-
on shear strength under the 'open' rent blocks (Table 2). Thus comparison
system (with drainage during thawing) between the results from the two systems
cannot be directly compared due to should be qualitative rather than quan-
drastic decreases in water content from titative.
91.8% (natural) to 70.7% (1 cycle of Each sample, 8.2 cm in diameter
freeze-thaw) and 51.5% (8 cycles). The by 1.1 cm in thickness, was installed
unfrozen water content of the natural in a plastic container and subjected to
soil determined by the calorimetric method one-dimensional freeze-thaw in the same
is found to be approximately 11% at -120 manner as mentioned earlier.

(temperature used during freezing). Thus The relationships between the
when the soil is first frozen, about 80% liquid limit and the number of freeze-

of water, primarily free water in the thaw cycles for both test conditions are
pores becomes ice after which about 20% shown in Fig. 3. Significant decreases
of the original water content is drained in the liquid limit are evident as the
during thawing. This reflects the freeze-thaw cycles increase. For the
change in the capability of the soil closed system series, the decrease in
structure in retaining water while the liquid limit occurs primarily in the
thawing. The rate of thixotropic stren- first 30 cycles. The liquid limit
gth gain (Fig. lb) of the sample sub- drops from 71.4% (natural) to about 54%
jected to 8 freeze-thaw cycles is the (30 cycles) after which its value stabi-
highest amongst all the tests performed. lizes around 47% at 90 freeze-thaw

cycles. In the case of the open system
Moisture Content Distribution (with drainage), the liquid limit exper-

iences more change than the closed
The distribution of moisture system value when compared at the same

content along the varved soil samples freeze-thaw cycle. The liquid limit
due to cyclic freeze-thaw was investi- drops from 69.2% at the natural state to
gated by subjecting two soil columns 56% at 8 cycles of freeze-thaw. The
(each being 4.0x4.0x6.3 cm in dimension) difference between the results from the
to 1 and 8 cycles of one-dimensional two test conditions, i.e. with and with-
freeze-thaw (with drainage during thaw- out drainage, seems to be dependent on
ing). Upon completion of the specified the salt concentration of the pore fluid
freeze-thaw cycles, detailed moisture and the amount of frozen water. The
profiles were established as depicted decrease in the liquid limit caused by
in Fig. 2. It is evident that the light cyclic freeze-thaw should be due to
layer, which should be composed of coar- changes in the interparticle forces
set soil particles in comparison to between the clay fractions which can be
those of the dark layer, retains less verified by pore fluid chemistry, part-
water. Cyclic freeze-thaw results in a icle size distribution and soil suction
decrease In water content which in turn as presented in the following discus-
leads to a reduction in the overall sions.
sample height, thereby changing the posi-
tions of the varves. More changes in
the water content are noticeable In the
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Pore Fluid Chemistry and Exchangeable mined by the hydrometer analysis out-

Cations lined In the ASTM standard procedure. rl
Once the test was completed, the sample

The soluble cation concentration was re-analysed by adding the dispersing
in the pore fluid was analysed through agent which was thoroughly mixed with
the saturation extract of soil samples the soil by a high speed mechanical
subjected to 1 and 8 freeze-thaw cycles stirrer. The soil samples tested were
together with that of the natural soil the natural soil and the soil subjected
for comparison. Each sample was 8.2 cm to 40,50,60,70 and 80 cycles of freeze-
in diameter and 3.3 cm in height and the thaw (without drainage).
freeze-thaw procedure followed the afore- The results shown in Fig. 4 exhi-
mentioned technique. Drainage facility bit clearly the effects of cyclic
was provided during thawing (i.e. open freeze-thaw in causing aggregation in
system). At the end of the specified the soil particles. This is demonstr-
number of cyclic freeze-thaw cycles the ated in the decrease of the percent
four main cations (namely Na+, XT Ca+2  passing, even when dispersing agent was
and Mg+2) were determined. In addition, used. While the series without disper-
the exchangeable cations and the cation sion show noticeable differences between
exchange capacity were also evaluated the samples having undergone different
using the method proposed hy Chhabra et freeze-thaw cycles, such behaviour is
al (1975). not evident in the series with disper-

The results accumulated in Table 3 sing agent. In other words, the stable
indicate that the soluble salt concen- fabric units of the soil subjected to
tration decreases as the number of cyclic freeze-thaw appear to be indepe-J
freeze-thaw cycles increases. Such ndent of the number of freeze-thaw
behaviour occurs in both monovalent and cycles when this is sufficiently large
divalent ions except k+. The exchange- (e.g. more than 40 cycles as investi-
able cations, however, remain approxi- gated herein).
mately unchanged. It would appear that
freezing and thawing cause migration Soil Suction
and gravitational drainage of pore water
which should carry away some soluble The water retention capability of
salts. The reduction in soluble salt the samples sutbjected to cyclic freeze-
content in the pore water is evidently thaw (open system with drainage) was
not a prime factor affecting the obser- established by determining the soil
ved decrease in the liquid limit since suction - moisture content relationship.
such a decrease should be associated Undisturbed soil samples from the same
with an increase in salt concentration layer were carefully trimmed into small
(Warkentin, 1961). acrylic rings (each being 3.8 cm in

diameter and 1.2 cm in height). At the
Particle Size Distribution end of the specified freeze-thaw cycles

(i.e. 1 and 8), the samples (7-8 samples
The soil samples subjected to the for each test condition) were installed

.losed system of cyclic freeze-thaw were in the pressure plate for suction test.
,used to determine the particle size For the three conditions tested

7distribution. Hydrometer analyses were (i.e. natural, 1 and 8 cycles of freeze-
carried out on samples prepared in two thaw), it appears that significant drops
conditions - one without dispersing in moisture content occur when the
agent and the other using sodium meta- suction reaches about pF 3.5. Beyond
phosphate (calgon) to deflocculate the the value of pF 3.5, the moisture con-
clay particles. For the series with no tent decreases as the number of freeze-
dispersing agent, each sample was soaked thaw cycles increases. This seems to
with distilled water in the one-litre reflect the smaller pore sizes of the
cylinder for 18 hours. Subsequently it natural soil fabric when compared with
was agitated by shaking the cylinder for the frozen-thawed samples. For the soil
2 minutes followed by turbulent flow in suction less than pF 3.5 the changes in
the soil suspension through a pe.~forated moisture content (of the frozen-thawed
disk. This procedure resulted in a samples) are comparatively higher than
breaking up of the unstable soil aggre- those occurring in the natural soil.
gates and ensured a homogeneous soil This should indicate the larger sizes in
suspension for sedimentation. The part- macropores of the soils subjected to
icle size distribution was then deter- cyclic freeze-thaw when compared to the
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natural undisturbed soil.
0

CONCLUSIONS 4 m

When a sensitive clay with a high u i 0 4

initial water content (above its liquid W
limit) experiences freezing and thawing, a 10

o 0 -4
the resultant displacement and stresses c. -j
create remoulding effects to an extent 4

beyond that normally observed in manual

remoulding of the soil. Cyclic freeze-
thaw causes alterations in the soil '-4

structure leading to a decrease in shear o 41 o% r- 0
strength and liquid limit as the number 

® 1-4

of freeze-thaw cycles increase. The 14

primary mechanism appears to be the

volumetric expansion of water-ice phase C.4
change which is more significant as the 0

initial moisture content increases. --.- '

This appears to destroy the strong bond- O 4

ing of the sensitive clay when it is o
first frozen. Subsequent freezing W n + 4 0

forces soil particles to become closer U o U 0 -

leading to aggregation (Lincoln and A 4

Tettenhorst, 1971) thereby reducing the 44

active soil surface area. 4 4 +V ! ' " 0
to -4

Arising from these observations 0 a.

and ongoing work on the study of the A 4) 0
.U be0

fabric of the soils under cyclic freeze- H 0
thaw, a model duplicating aggregation of W ' +

thawZ
soil units as a result of freezing is 0 c .
being developed. The model should pro-
vide the basis for quantitative predic-
tions. More data will need to be accum- -
ulated before the quantitative predic- t "I Go

tions can be successfully developed. C o o
This will be reported at a later time. U
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Table 2. Test program.

Sample Depth Test Naturale~ No. of freeze-thaw cycles
Block Description (0 ! Cl.--ha..

) (no drainage) (drainage)

16 7.72- S ear strength (fall- 
1

1.8

Moi~t~r, .rt-~t V 1.8

61 82- Pore fluid analyuis 1.8

8.43 Soi aucion1.8

Exrhaogeablt cations It 1.8

64 8.79-70.80.90 1
8.7 Particle size 40.50,60.70,
8.7 distribution 

80

Note: V~ - teat performed
*- with and withou.t dispersing agent

Undisturbed shear strength 100kft, Block 56

agin natural 95.2
7 A 4 dasIcycle 9e-s

0 day Ocycles 91.2
0412

SInftial water contant
.5

LF4
13 a. Closed system.

a I

1 2 3 4 5 6 7 a

Mumnber of freeze - thaw cycles

indisturbed s~a strength 20.0 MiP. Black 61

natural 91.8
2 1 cycle 70.7

A4 aging 8 cycles 51.2

06 ae o

it 14 a 32* 
*
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Figure 2. Moisture content distribution.
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Figure 3. Liquid limit and freeze-thaw cycle relationships.
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MEASUREMENT OF SOIL THAW WEAKENING

J.D. Sage
Worcester Polytechnic Institute
R.A. D'Andrea
Worcester Polytechnic Institute

ABSTRACT INTRODUCTION

The changes in strength which a In geographical areas which are
soil experiences upon being subjected to subject to significant seasonal freezing
frost heave and subsequent thew are de- temperatures, the phenomena of frost
scribed. It is noted that localized heaving and subsequent thawing in soils
areas of minimal strength occur where creates severe engineering problems.
thawed water which formerly constituted The safe, efficient and economical uti-
an ice lens remains perched above soil lization of soil, which has been frozen
which remains frozen, and thawed, requires explicit knowledge

A device which allows study of this ccencerning all parameters important to
phenomenon within the laboratory is de- design. Furthermore this knowledge is
scribed. This unique device permits di- important in establishing a scientific
rect simple shear on a thin sample con- and engineering definition of the re-
stituting the upper portion of a large sponse and behavior of thawed ground in
cylindrical specimen which has been fro- effecting practical solutions to related
zen from the top downward. Both prior engineering problems.
to end during shear, the device remains A review of the solutions to engi-
within it temperature controlled cabinet neering problems associated with thawed
which initially imparts selected temp- ground emphasizes the need for more de-
erature and drainage conditions to the tailed knowledge of the strength reduc-
cylindrical specimen. Simple shear tion of soil under varying thermal re-
testing is performed under undrained gimes and applications.
conditions after the desired thermal This paper details the design and
history has been applied. Temperature use of a direct simple shear (DS5) de-
is controlled during thaw in order that vice for measuring in the laboratory the
the thin shear sample, whose top and shear strength of a thaw weakened soil.
bottom are parallel to the freeze-thaw The DSS device described permits an as-
interface, will be underlain by frozen sessment of post-thaw shear strength
soil. Successive thawing and shearing through localized zones of high moisture
of samples taken at various levels content occurring at different eleva-
within the specimen produces the rela- tions in a frozen sample. It also per-
tionship between strength and depth for mits an estimation of shear strength re-
the initially imposed thermal condi- covery accruing as a result of subse-
tions. quent consolidation of the thawed soil.

Results of tests performed on a
frost susceptible silty sand are also
presented. SHEAR STRENGTH REDUCTION

Frost heave occurs when a frost
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susceptible soil which has access to an the ability of the soil to resist shear.
unfrozen water supply is subjected to a Skenpton (2) has demonstrated that sat-
freezing thermal gradient, and crystal- urated slowly draining soils which are
lization of the least stressed soil wa- brought to failure under undrained con-
ter at or nea." the ground surface is in- ditions (i.e. constant water content)
duced. Provided that a sufficient quan- behave as materials whose strength may
tity of heat is being continually re- be described as consisting solely of a
moved from the soil-water system and cohesive component. Consequently, an
that additional water molecule's are made analysis technique which accepts this
available to the newly formed ice crys- simplification of material strength re-
tals, the crystals grow, forming an ice presentation is referred to as "$=0"
lens. This transfer of water to the analysis.
zone of ice formation gives rise to pro- Failures of thaw weakened soils are
gressively greater accumulation of ice induced, at least in part, by excessive
in the frozen zone. pore water pressures which are slow to

On thawing, the accumulation of wa- dissipate due to the fine material pre-
ter which formerly constituted an ice sent in any frost susceptible soil.
lens remains perched above the soil Since the pore pressures temporarily re-
which is still frozen. Bishop (1) has duce both the effective stress and, as
reviewed abundant evidence regarding thp a result, the strength of the soil, a
shearing resistance of both undisturbed J=O analysis would be applicable and the
and remolded cohesionless and cohesive undrained shear strength used to esti-
soils which supports the conclusion that mate shear strength reduction.
shearing resistance will be inversely The freeze-thaw-shear process in
proportional to water content when all soils is presently viewed as occuring in
other factors (such as stress history) four stages. With reference to Figure
are equal. Consequently, a fully or 1, a soil in the pre-freeze condition
partially thawed soil will contain "thaw with a tight packing possesses a shear
weakened" zones of markedly lower strength Sp. Upon freezing and devel-
strength which will reduce the overall opment of an ice lens, a dispersed
continuum of the structure of a soil and packing is produced in which the soil

INITIAL WATER

THAW I
et  . DISPERSED PACKING

C e NS&DALED LOOSE PACKINGr  CON O0ID _
RECOVERY 0

e P nn TI GHT

PRE-FREEZE PACKING

I II

St Sr Sp
SHEAR STRENGTH

Figure 1. Strength Variation During Freeze-Thaw-Recovery Cycle
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particles are separated from adjacent DIRECT SIMPLE SHEAR DEVICE
particles by ice. On thawing, this dis-
persed packing (at a void ratio et) is The WPI Direct Simple Shear Device
retained and the shear strength of the (DSS) consists of a tapered interlocking
soil reduced to zero or a low value, St. split ring acrylic mold 29.2 centimeters
Finally as the sample consolidates under (11.5 inches) in overall length and ca-
load, the void ratio decreases to er at pable of accepting 15.24 centimeter (6
a relatively loose packing compared with inch) diameter tapered soil samples. A
the pre-freeze condition and the shear tapered laterally reinforced rubber mem-
strength recovers to a value Sr. A mea- brane provides lateral support to the
sure of the shear strength reduction in soil during shear testing. A loading
thawed ground is the thaw weakening ra- frame built into a freezing cabinet per-
tio defined simply as St~ divided by Sp. mits application of shear loads through
where St is the shear strength of the a load cap attached to the 055 device.
sample after thaw. Using the DSS device, the direct

simple shear of the thaw-weakened soil
may be determined on a thin sample at
various levels as shown schematically in

Figure 2.

(a) Saturate (b) Freeze-Heave (c) Freeze-Seal

(d) Initial Thaw (e) Initial Shear

Mf Next Thaw (g) Next Shear

Figure 2. Sequential Steps of Freeze-Thaw-Shear Testing
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Figure 3 graphically portrays the sleeve. The 22.86 centimeter (9 inch)
essential parts of the WPI device. The high soil specimen will be subjected to
features of the device are outlined be- a thermal environment resulting in fre-
low within the context of a typical ezing of the upper 11.4 centimeters
test. (4.5 inches). Thus, the additional up-

A soil specimen is initially com- per 6.35 centimeters (2.5 inches) of the
pacted within the tapered acrylic mold mold is expected to acconmmodate heaved
containing a reinforced rubber membrane material upon ice lens generation.
producing a circular cylindrical sample Twelve thermocouples were placed
22.86 centimeters (9 inches) high and through the split acrylic discs at var-
approximately 15.24 centimeters (6 ious depths such that they were in con-
inches) diameter. Acrylic was selected tact with the outer face of the rein-
since experiments indicated the thermal forced membrane.
characteristics of acrylic assist in the The 15.24 centimeters (or more due
generation of horizontal isotherms and to taper) diameter was selected so that
subsequent growth of horizontal ice the height to ciidmeter ratio of the
lenses within the soil specimen. The shear zone is half the upper limit which
mold and membrane are tapered so that Shen et al (3) recommnend for uniformity
friction between the soil and membrane of shear strain. In fact, this allows
will not restrict heave during the fre- for removal of two discs, if required,
ezing process. The mold itself is solid prior to shear testing and the strain
throughout its bottom 11.4 centimeters distribution will still be reasonably
(4.5 inches). The upper 17.8 centi- uniform.
meters (7 inches) of mold consists of After the soil is compacted, the
interlocking split acrylic discs approx- protruding upper part of the membrane is
imately 0.95 centimeters (0.375 inches) secured to a top cap and the mold is
in height. The discs are held together attached to a support frame placed
by a vertically adjustable acrylic within a temperature controlled cabinet.

LOAD

I NORMAL LOAD

-ADJUSTMENT

~-MEMBRANE

-- SPLIT RING MOLD

------ SOURCE

Figure 3. Essential Features of DSS Device
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A normal load may be applied if de- top downward by the heating element,
sired, and the mold is surrounded by in- under carefully monitored conditions.
sulating vermiculite. Connections to a When it has thawed, but the soil below
monitored temperature controlled water is still frozen, the disc is removed
source are made at the base of the mold, resulting in a sample of thaw weakened
and the appropriate thermal environment soil, 0.95 centimeters high and slightly
applied. During the ensuing freeze- more than 15.24 centimeters in diameter.
heave process, soil temperature is mon- Water movement is prevented laterally by
itored with the thermocouples, the rubber membrane, upward by the top

Heave is measured via a vertical cap, and downward by the frozen soil.
deformation gauge and a DC-DT differen- The horizontal load and deformation
tial gauging transducer. Water migra- measuring devices are positioned verti-
tion is measured both manually and by cally on their respective supports and
use of a moisture transfer monitoring attached to the top cap. A horizontal
device. After the desired thermal his- shear force is applied to the top cap by
tory has been enacted, and thermal means of a drive shaft forcing a load-
equilibrium established, thawing and ing wedge downward along a grooved track
shear testing may begin, resulting in simple shear of the speci.

Just prior to thaw, the specimen men. The rate of drive shaft movement
top cap is removed and the upper frozen is controlled by a variable speed motor
soil surface shaved level with the top and gear box. The shear force and hor-
of the highest possible acrylic disc. izontal deformation are measured until
Since the soil will probably have failure occurs under a strain controlled
heaved less than 6.35 centimeters this testing mode. Since the principal
will require sliding the sleeve down stresses are of unknown direction and
and removing one or more discs. magnitude in direct simple shear test-

A specially designed specimen top ing, the major parameter determined is
cap and normal load carriage is placed the undrained simple shear strength
on the frozen surface. The top cap (the shear force divided by the cross-
consists of a porous stone, roughened sectional area of the shear zone). If
to prevent slippage during shear, fas- the 0.95 centimeter high shear specimen
tened to the top cap base. The top cap has grossly differing strengths on par-
base also contains a heating pad which allel horizontal planes it may not
assists the generation of horizontal undergo uniform shear strain and will
isotherms during thaw. The top cap is slide horizontally on the weakest plane.
connected to the support shaft with a Generally, however, a spatial average
specially designed carriage consisting strength of the 0.95 centimeter specimen
of a fixed ball bearing track arrange- will be obtained. Upon completion of
ment. This mechanism permits no rota- shear the top cap is removed, the entire
tion but allows horizontal translation specimen is shaved off level with the
along a single axis thus insuring appro- top of the lower disc and sleeve, and
priate strain conditions on the upper moisture content is determined.
surface of the shear specimen. The sleeve is then lowered to the

Above the carriage is a load cell top of the next lowest disc, thawing
used to monitor vertical load during a permitted through the current upper 0.95
test. A rod extends vertically from the centimeter layer and the shear process
load cell to a vertical load adjustment repeated, This entire procedure contin-
mechanism which is attached to thie test- ues until the entire upper part of the
ing frame. soil column (that which has been frozen)

The elevations of this and the hor- has been tested resulting in relation-
izontal load application mechanism are ships of both undrained simple shear
adjustable in order that a series of strength and water content versus depth.
shear tests on a single frozen-thawed The above steps are schematically
specimen may be performed. shown in Figure 2.

The membrane is then attached to
the top cap and the appropriate vertical
load is applied. The outer acrylic ASSESSMENT OF THAW WEAKENING
sleeve is then lowered so that its top
is level with that of the next lowest The DSS device described above is
disc, and the sleeve is secured tightly being used to study and evaluate shear
in that position. The soil within the strength reduction and recovery of thaw#-
upper disc is forced to thaw from the weakened soils as part of a continuing
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research effort on freeze-thaw phenomena Table 1
in soils. The results from a typical Engineering Characteristics of
test on a frost susceptible soil is sum- ineer n C a s
marized below. Ikalanian Sand

A capillkry saturated sample of
Ikalanian Sand, having physical proper- Specific gravity 2.68
ties listed in Table 1, was frozen to a % weight finer than
depth of 10.7 centimeters (4.2 inches) 2.00 m
in a series of steps in which the ther- 0.42 mm 88
mal gradient was ,aried to obtain a fro- 0.25 mm 77
zen sample with different degrees of ice 0.044 mm 36
lensing. The quantity of water trans-
ported from the base water source to the 0.02 mm 9
freezing interface and the resulting 0.005 nu 2

heave were measured. Table 2 is a sum- via ASTM D698:
mary of the freeze cycle for this test.

The sample was then thawed from the Maximum dry density (g/cc) 1.73

top of the specimen in steps of approxi- Optimum water content 13%
mately 0.95 centimeters and the un-
drained shear strength determined after
each thaw step with results listed in
Table 3.

Table 2

Summary of Freeze-Test FTS-l

Maximum Minimum Average

Rate frost penetration (cm/sec) ....... 0.19 0.00 0.008
Rate heave (cm/sec) ................ 0.0025 0.0013 0.0021
Rate moisture transfer (cc/sec) ....... 0.072 0.008 0.041
Total frost penetration (cm) .................. 4.16
Total heave (cm) .............................. 1.10
Total moisture transfer (cc) ................. 21.14
Duration of test (hours) ....... 520
Density of pre-freeze sample (g/cc) ....... 1.708
Initial water content of pre-freeze sample .... 15% .... (21% aftcr saturation)
Surcharge load (g) ....... 735
Ground water depth (cm) ....... 21.6
Initial void ratio of pre-freeze sample ....... 0.568

Table 3

Thaw-Shear Test Results for FTS-l

Test Level Height Initial Shear Normalized Thaw Moisture Void
No Shear Normal Stress @ Shear Weakening Content Ratio

Zone Stress 20% Strain Stress

No  S S/No  TWR w e

cm cm Pa Pa %

1-2S -1.30 0.53 3878 909 0.23 0.18 30.0 0.80
1-3S 0.79 0.53 3759 776 0.21 0.16 29.6 0.79
1-4S 2.44 1.45 5161 608 0.12 0.09 23.8 0.64
1-5S 4.95 1.45 3313 780 0.24 0.19 22.1 0.59
1-6S 7.06 0.76 1800 1772 0.98 0.77 21.5 0.58
1-7S 8.71 1.37 4482 5171 1.15 0.90 17.7 0.47

TWR = Normalized shear stress after freezing and thawing divided by the pre-freeze
normalized shear stress value of 1.28

11(



The thaw weakening ratio, TWR, defined CONCLUSIONS
as the ratio of measured normalized
shear strength to the pre-freeze normal- A device which permits measurement
ized shear strength, was determined, of the shear strength of soil which has
The variation of thaw weakening ratio experienced weakening due to freezing
with depth is shown in Figure 4, from and thawing under laboratory controlled
which their dependence is evident, conditions has been described. The ap-

paratus utilizes the principle of direct
simple shear to measure strength through
the localized zones of high water con-
tent occurring at different depths in a
frozen sample.

The device promises to be useful in
pointing out the manner in which various
factors influence the strength reduction
and recovery of thaw weakened soil.

WATER CONTENT, w (%)

0 10 20 30 40
I I ! I

-2.5

00V1
Uj

U* 0

C)

S 2.5 0I =TWR

0
Uj 7.6

0 0.2 0.4 0.6 0.8 1.0

THAW WEAKENING RATIO, TWR

Figure 4. Thaw Weakening Ratio and Water Content vs.
Depth from Initial Test on Ikalanian Sand
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FREEZING OF TRIAXIAL COMPRESSION TEST
SPECIMENS OF COHESIONLESS SOIL TO
DETERMINE INTERNAL DENSITY VARIATIONS

P.A. Gilbert Soil Mechanics Division, Geotechnical Laboratory,
U.S. Army Engineer Waterways Experiment Station,
Vicksburg, Mississippi

ABSTRACT

The cyclic triaxial test is used to ity than previously achieved. A complex
evaluate the seismically-induced lique- laboratory study was conducted to develop
faction potential of cohesionless soil. equipment and procedures to construct the
Concern that internal density changes high quality specimens. Additionally,
due to testing characteristics may ren- special freezing techniques were required
der the test inappropriate for dynamic to produce an "undisturbed" frozen speci-
analysis prompted research to investigate men. This freezing process and the be-
such changes. This paper describes equip- havior of the soil during freezing will be
ment and procedures to: documented.

a. Prepare sand specimens of known Specimens with 100% water saturation
density uniformity. were tested in the triaxial chamber, fro-

b. Cyclically load specimens to zen, then dissected in an environmental
various pore pressure and strain responses. room maintained at 20*F and 90% relative

c. Freeze a specimen under test load- humidity. The density of each segment
ing conditions in such a manner that the and, consequently, the density distribu-
soil skeleton is not disturbed by the tion of the specimen were determined from
freezing process. the ice content. Because of the require-

d. Dissect a frozen specimen to es- ment for precise density determination,
tablish its density distribution, errors caused by sublimation and measure-

This research required specimens ment uncertainty are discussed in this
with a higher degree of density uniform- paper.
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COMPARISON OF UNFROZEN WATER CONTENTS
MEASURED BY DSC AND NMR

Joseph L. Oliphant, U.S. Army Cold
Regions Research and Engineering Labora-
tory
Allen R. Tice, U.S. Army Cold Regions
Research and Engineering Laboratory

ABSTRACT construction involving frozen soils and
for modeling water movement and frost

Unfrozen water contents of various heave in frozen and freezing soils, an
sands, silts and clays under partially accurate knowledge of the water/ice
frozen conditions have been measured phase behavior in the soil is critical.
using Nuclear Magnetic Resonance (NMR). Unfrozen water contents of frozen soils
Apparent specific heats for many of have been measured quantitatively using
these soils have been measured as a dilatometry (Bouyoucos 1917, Buehrer and
function of temperature using Differen- Aldrich 1946, Hemwall and Low 1955, and
tial Scanning Calorimetry (DSC). Un- Horiguchi 1978), x-ray diffraction
frozen water contents have been calcu- (Anderson and Hoekstra 1965), some form
lated from the DSC data and compared of calorimetry (Neresova and Taytovich
with those directly measured with NMR. 1963, Kolaian and Low 1963, Anderson
Comparisons were made from -20*C to O*C 1966, and Williams 1963), and more re-
with excellent agreement for samples cently, using NMR (Tice, Anderson and
with low salt contents. For these Sterrett 1981, Tice, Burroughs and
samples we conclude that the assumptions Anderson 1978).
made in calculating the unfrozen water Anderson and Tice (1973) have dis-
contents from DSC data are good. cussed the assumptions inherent in each

of the above methods of determining un-
frozen water content. For the adiabatic

INTRODUCTION calorimetry method that has been most
widely used, the assumptions are that
the heat capacities of the sample com-

Bouyoucos (1917) first demonstrated ponents are known over the entire temp-
that the volumetric change of frozen erature range of interest, that during
soil due to the freezing of water takes thawing no other process involving heat
place over a range of sub-zero tempera- takes place except that of the latent
tures. Since then, it has become heat of phase change from ice to water,
generally accepted that unfrozen water and that this latent heat of phase
films exist in frozen soils around the change has the value for pure bulk ice
soil grains down to very low tempera- changing to pure water at OC, 79.75
tures. The amount of unfrozen water is cal/g. With sufficient experimental
a function of the temperature and also effort, heat capacity data on the sample
of the soil properties (Anderson and constituents can be obtained so the
Tice 1972). first assumption above can be verified.

The strength and also the hydraulic The second two assumptions are related
conductivity of a frozen soil are de- and have been assumed by previo'- .n-
pendent upon the ice content and the un- vestigators to be valid close to 0OC but
frozen water content. Thus, for probably not valid at lower tempers-
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tures. In this paper, a computational First pulse amplitude vs. tempera-
procedure will be given which does not ture data for a typical sample are shown
require the assumptions of constant in Figure 1- It can be seen that the
known latent heat of phase change or the first pulse amplitude increases as temp-
absence of other processes taking place erature decreases for the sample con-
while phase change is occurring, taining no ice, but when water begins to

Anderson and Tice (1973) also dis- freeze just below O*C the first pulse
cuss three other calorimetric methods amplitude is reduced. Unfrozen water
they have developed to determine un- contents are calculated by extending the
frozen water contents: heat capacity, line drawn through the data points taken
differential thermal analysis and iso- with no ice present down to low tempera-
thermal calorimetry. Each of these tures by linear regression (Tice et al.
methods is based on measuring whether or 1981). The unfrozen water content is
not ice is present in a series of then calculated as the total water con-
samples having various water contents at tent (determined gravimetrically)
a given temperature. The assumption is multiplied by the distance from the re-
made that the unfrozen water content gression line to the first pulse ampli-
does not depend on the ice content of tude reading (A in the figure) and
the sample. With this assumption, the divided by the distance from the regres-
sample having the highest total water sion line to the background amplitude
content with no ice present has a total reading (B in the figure).
water content equal to or less than the
unfrozen water content of the soil at
the given temperature. This assumption 20 -
has recenty been verified in this
laboratory (Tice et al. 1982) using NMR.

In the experimental section of this
paper our method of using NMR to deter-
mine unfrozen water contents will be o-"
presented. The results of a recent A

experiment which verifies the accuracy
of this method will be briefly review- B

ed. Our method of using DSC to
obtain the apparent specific heats of 400

soil samples as a function of tempera- z
ture will also be given. In the theory
section, a method for calculating un-
frozen water contents from apparent -

specific heat data which has no assump- 20 -0 0 10 20
tions that cannot be experimentally Temperoture (°C)

verified will be presented. In the
results and discussion section the un- Figure 1. Raw NKR data for Na-bentonite
frozen water contents of several samples containing 52% total water. - Total

calculated from DSC and NMR data will be water regression line.
compared. Background signal. • NMR data points.

Unfrozen water is equal to total water
times length A divided by length B.

EXPERIMENTAL

That the above procedure gives
A Praxis Model PR-103 pulsed NMR accurate values of the unfrozen water

analyzer was operated in the 900 mode content was cofirmed by a recent ex-
7 with a 0.1 second clock and at a fast periment (Tice et al. 1982). A soil

" scan speed. The first pulse amplitude sample containing about 20% total water
for each sample was measured at several was held at -I'C. At this temperature

temperatures above OC. Then the sample the soil had about 12% unfrozen water as

was frozen and first pulse amplitudes determined by NMR. Water was drawn out
were measured over a range of sub-zero of the sample with a dessicant which was

temperatures as the sample was gradually periodically weighed. In this way the

thawed. With the NNR analyzer operated total weight of ice and water remaining

as given above, only protons associated in the soil could be calculated. The
with unfrozen water molecules contribute unfrozen water was also periodically
to the first pulse amplitude, measured using the NOR as described
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above. Total water and unfrozen water of three scanning calorimeter runs are

data as a function of time are shown in used to calculate the apparent specific
Figure 2. It can be seen from the IM heat as a function of temperature for
data that the unfrozen water content re- each sample. A typical example is shown
mained constant for about 100 hrs until in Figure 3. First, an empty aluminum
all of the ice had been removed. This sample pan is placed in both the sample
validates the assumption that the un- and the reference sample holders. A
frozen water content does not depend on scan is made establishing a baseline.
ice content. It can also be seen that It was found that the absolute position
after the ice had been removed the un- and the slope of the baseline varied
frozen water content measured with NMR slightly from run to run. To avoid any
and that measured gravimetrically are in errors due to this, the DSC voltage was
excellent agreement. This helps confirm monitored and stored both before a scan
the accuracy of the NMR unfrozen water started and after it finished. These
content measurements, two voltages were used to establish the

absolute position and slope of the base-
_0_ _ line for each run and corrections were

I , I made to all the stored voltages. These
0 corrections have already been made for

the scans shown in Figure 3.

~.0

t 16

f-) NMR funfrolen water contenJ)

(at {01 l9r(on (1040a water conHtnt
F I I I

0 10 200 300Tme (h,) 2240 -2 0 0

o 9 ,o 2c 2J

Tempe rature (K)
Figure 2. Simultaneous unfrozen water
content and desorption data for Morin Figure 3. DSC response as a function of
clay at -IwC. temperature scanning at 10*C per

minute. ---- Base line.-.--
Sapphire reference signal. M orin

A Perkin-Elmer Model DSC-2 dif- clay (containing 21% total water) DSC
ferential scanning calorimeter was used signal. Distances C and D are used to
for the DSC measurements. A laboratory calculate apparent specific heats.
microcomputer was interfaced with the

DSC-2 for real time data aquisition and
storage. The scanning calortm)ter works After the baseline had been estab-

by changing the temperature of a sample lished, a scan was made with a pressed
and a reference simultaneously and at a sapphire disk in the sample pan. Hand-

constant rate. The difference between book values for the heat capacity of
the amount of heat that fost be supplied sapphire as a function of temperature
or removed from the sample and the re- are available and these values were
ference to maintain a constant rate of stored inBthe form of a cubic spline
temperature change is converted to a interpolaton function in the computer.
voltage reading by the DSC-2. This Thus, at every 0.1% in the scan, the
voltage Is read once each .01 sec by the calorimeter voltage associated with the
microcomputer. The readings are averag- heat capacity of the sapphire at that
ed over each 0.1C temperature change temperature can be defined. This is the
and the average values are storedn difference In voltage between the base-

The scanning calorimeter runs that line and the sapphire scan line, repre-
we report in this paper wre each made seted by the distance C in Figure 3.
at a rate of 10C/min over a range of Finally, a scan with the unknown
240oK to 2900K. Tbyst 500 voltage read- sample in the sample pan is run. At
igs are stored for each run. h total each c.pC the apparent specific heat of
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the unknown sample is calculated by the can be transferred to or from the sample

equation: pans. Sometimes, when phase changes are
taking place the te.nerature in the

sample may lag behind that in the re-
- ference pan. Corrections for this

Cu C W Cs phenomena were not made, but it was

u found not to be important in making the

unfrozen water content calculations ex-

where Cu is the apparent specific heat cept at temperatures close to 
0 C.

of the unknowr sample, We and Wu are Slower scan speeds close to 0*C would

the weight of the sapphire standard and help prevent this problem.

unknown, respectively, D and C are the The accuracy of the heat capacity

differences in voltage between the base- values was checked by running pure water

line and the unknown scan line and the and pure ice samples. The heat capacity

baseline and the sapphire scan line, re- values obtained are compared with hand-

spectively, as shown in Figure 3, and book values (Dorsey 1940) in Table I.

Cs is the handbook value of the heat It can be seen that the agreement is ex-

capacity of sapphire. cellent.

The aluminum sample pans used to
hold the unknowns and standard varied

slightly in weight, weighing 25±0.5

milligrams each. Corrections for these THEORY

small variations in weight were made by

storing handbook values for the heat

capacity of aluminum in the form of a In this section a method for

cubic spline interpolation function in calculating unfrozen water content

the computer and then adjusting the heat values from partial specific heat data

capacities to account for differences in will be given. This method depends on

weight between the sample pans. Sample the fact that the enthalpy or heat

sizes were about 25 milligrams each. content of a system is a state function

The DSC temperature reading was cali- and its value does not depend on the

brated using the melting points of pure previous history of the system. The net

water at OC, and of cyclopentane at enthalpy change in a system going from

-93.88*C. It should be noted that there one state to another is independent of

is an upper limit on the rate that heat the path that is followed in changing

states. Therefore, we can perform the

following thought experiment on a wet

Table 1. Heat capacities of water and soil sample going from some temperature,

ice samples determined by DSC compared Ti, above OC to another temperature,

with Handbook values * Tf, below 0°C where part of the water

is frozen. Let WT be the total sample

Water water content and Wu and Wf be the

unfrozen and frozen water contents at
Handbook Tf. First, at Ti, separate the

T(OK) DSC value Value sample into two parts, one part being
(cal/g

°C) (cal/g°C) made up of pure water of an amount Hf

290 1.01 1.00 and the other part containing the

remaining water, the soil and any salts
280 1.01 1.00 or impurities in the soil solution. The
270 1.01 1.01 heat effect associated with this

separation will be of the same magnitude
Ice but opposite in sign to the heat

associated with mixing an amount of

270 0.50 0.497 water, Wf, with a soil already
260 0.48 0.480 containing an amount of water, Wu at
250 0.46 0.462 T. This heat of wetting, Al,, is
240 0.44 0.445 experimentally measureable. Now cool
230 0.42 0.428 the pure water, Wf, from Ti to
220 0.41 0.410 Tf. This will involve supercooling of
210 0.39 0.392 the water because Tf is below OC, but

200 0.37 0.374 good heat capacity data are available

for supercooled water, so handbook 
data

( Handbook values are from Dorsey can be used to calculate the total heat

(1940), p, 258 and 478.1
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that must be removed for this process. + 4d + (2)
Denote this total heat by +(Wu+M C pr w L Lf

Tf

Tl
fi Noting that WT - W, + Wf, this

Tf pw equation can be rearranged to give

Tf
Tt  T T

where Cpw is the heat capacity of pure (WT+, ) I T wTd c f r-. I CP"r a-d4w_Lf
water. Now take the other part of the U t F

smple and cool it from Ti to Tf. . T (3)
The total heat that must be removed to T J T
do this can be measured with an adiaba-
tic or differential scanning calori- Equation 3 gives the unfrozen water con-
meter. Denote this heat by tent of a partially frozen soil sample

in terms of handbook data and the re-
Ti sults of three experiments. The heat of

(Wu + M ) f C dT wetting can be determined either by
Tf pr using isothermal calorimetry or vapor

pressure measurements (Oliphant 1980).
DSC can be used to determine the twowhere Mm is the mess of dry soil and tes

Cpr is the heat capacity of the soil terms

and remaining water mixture. Now take
the pure water at Tf and freeze it to TI  Ti
pure bulk ice. The heat that must be i
removed to do this is easily calculated TC dTand C dT.
from handbook data on the heat capacity f f
of supercooled water and pure ice and
from the heat of fusion of pure water at Adiabatic calorimetry could also be used
OC. Denote this heat of fusion of to determine these two terms. DSC has
supercooled water by WfLf. Now the advantage that in one experiment the
mechanically mix the ice and wet soil apparent specific heat of the sample can
back together to form a sample having be determined over the entire range of
unfrozen water content Wu and ice con- temperatures that is scanned by the
tent Wf. There is no heat associated calorimeter. Adiabatic calorimetry
with this last step if we assume that gives only the total heat effect in
ice freezes out as pure bulk ice. The going from one temperature to another so
total of all the heats added to or re- a series of experiments at different
moved from the soil sample in the above subfreezing temperatures is required to
processes must equal the total heat that obtain the unfrozen water content vs
would be removed if the sample were temperature curve. However adiabatic
cooled from Ti to Tf in the DSC. calorimetry has the advantage that there
This heat value can be obtained by inte- is no possibility of the temperature of
grating the apparent specific heat of the sample lagging behind the reference
the sample from Ti to Tf. Let this temperature as may happen in DSC.
heat be denoted by

T RESULTS AND DISCUSSION

(T +itMf TfPT In this section unfrozen water con-

tent vs temperature curves are presented

where CpT is Lhe apparent specific for three different soil samples deter-
heat measured by the DSC. Writing this mined both by DSC and NMR. Figure 4
equality out mathematically, we obtain shows data for a Na-bentonite from the

Avon Lea area, Saskatchewan, having a

surface area determined by the ethylene
i i glycol-monoethyl ether method of 566

(W T M) J CPTdT = Wf J C dT m2 /g. The total water Content for this
Tf TF pw sample is 52% of the sample dry weight.
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ICo as explained in the experimental section

1 'and by equation 3. There was no heat of
:0j wetting data available for these three| samples so the term AHa was assumed to

f! be zero. The term

m i Ti
-+ -4l - -16 -20 -24

I C rd...... , I O J C dT

Figure 4. Comparison of DSC and NMR T pr
unfrozen water contents for Na-bentonite
containing 52% total water. DSCdata. i Ni R data. was obtained by measuring the apparent

specific heats of the dried samples and

then assuming that the unfrozen water,
to Wu, has the same specific heat as pure

water. It can be seen in Figures 4 and
i .~"5 that the DSC and NMR data match close-

~ ly with slight deviations close to 00 C
al caused by the temperature lag in the DSC

i \when a significant amount of ice is

4_ melting. In order to avoid supercooling
effects, or.]y warming DSC runs were

0 -4 **1 -s 16 - 4 used.
We conclude that the assumptions of

Figure 5. Comparison of DSC and NMR zero heat of wetting and the unfrozen

unfrozen water contents for Morin clay water having the same specific heat as

containing 21% total water. - DSC pure water are adequate for the bento-

data. ®R NMR data. nite and Morin clay samples. The DSC
and NMR data for the geopressured shale
sample do not closely agree. There are

several possible reasons for this. This
Figure 5 shows data for Morin clay, a sample has a relatively high surface
non-swelling clay from the Morin area and a very low water content be-

Brickyard, Auburn, Maine, having a cause the sample was run at natural
surface area of 60 m?/g. The total water content. Therefore, only a small
water content of this sample was 21.4% amount of water was frozen (only about
of the dry weight. In Figure 6 data for 1% of the dry weight at -20*C) and the
a geopressured shale having a high salt DSC and NHR are both working at the edge
content and a surface area of 148 m?/g of their respective absolute detection
is shown. The total water content of limits to measure this small change in

this sample was 8.6% of the dry weight. unfrozen water content. Also, it was

found that the shale contained a large
amount of chloride ion when a sample was

being washed and calcium-saturated for
- I , I . surface area determinations. This high

l- "•salt content probabi3 effects both the

heat of wetting and heat capacity of the
o ~unfrozen water of this sample.

[ , , 1 ' 1 t [ CONCLUSIONS

0 at 2 -30 -40 -80

Figure 6. Comparison of DSC and NMR In this paper, we have presented a

unfrozen water contents for a calculational procedure using DSC or

geopressured shale containing 8.6% total adiabatic calorimetry data for obtaining

water. - DSC data. D NMR data. unfrozen water contents as a function of
temperature. This approach is based on
the fact that the enthalpy of a system

The DSC data in each of these is a state function. This approach has

figures was calculated by using apparent the advantage that all necessary data

specific heat date obtained on the DSC are experimentally obtainable. The cnly
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assumption is that water freezes in a Water bound by individual soil con-
soil as pure bulk ice. stituents as influenced by pud-

We have presented unfrozen water dling. Univ. Ariz. Tech. Bull,
content data for three samples using vol. 110.
both DSC and NMR. The DSC and NMR data Bouyoucos, G.J. (1917) Classification
agree for two of the samples in which a and measurement of the different
significant amount of water freezes, but forms of water in soil by means of
the data for the third sample are not in the dilatometer method. Mich.
close agreement. In this sample only a Agric. Coll. Exp. Sta., Tech.
very small amount of water freezes. Bull. 36, 48 p.

Results of an experiment which Dorsey, N.E. (1940) Properties of
shows the reliability of the NiR data ordinary water substance in all its
were reviewed. We conclude that, be- phases. Reinhold Publ Corp., New
cause the N4R and DSC data are in excel- York, N.Y.
lent agreement and because we have con- Hemwall, J.3. and P.F. Low (1955) The
fidence in the NMR data at least for hydrostatic repulsive force in clay
samples in which a significant amount of swelling. Soil Sci., vol. 82, p.
water is frozen, the DSC data are also 135-145.
accurate. The theoretical procedure for Horiguchi, K. (1978) Studies in the be-
calculating unfrozen water contents from havior of unfrozen interlamellar
DSC data allows us, by comparing DSC and water in frozen soil. Contribu-
NMR data, to determine the importance of tions from the Institute of Low
heats of wetting and altered heat caps- Temperature Science, Series A, No.
cities of the unfrozen water in measur- 28, p. 55-78.
ing unfrozen water contents calorimetri- Nersesova, Z.A. and N.A. Tsytovich
cally. For the Na-bentonite and Norin (1963) Unfrozen water in frozen
clay samples, we conclude that these soils. Proceedings First Perma-
terms do not contribute significantly to frost Intern. Conf., Lafayette,
the unfrozen water content calculations Indiana. NAS -NRC Publ. No. 1287.
down to at least -20*C. Oliphant, J.L.(1980) The thermodynamic

properties of mixtures of water and
Na-montmorillonite. PhD. Thesis,
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DETERMINATION OF ICE/WATER CONTENTS
OF FROZEN SOILS BY
TIME DOMAIN REFLECTOMETRY

M.W. Smith Geotechnical Science Laboratories.
D.E. Patterson Carleton University,
C.H. Lewis Ottawa, Canada

ABSTRACT

Previously we have used time domain d.c. conductivity, also by TDR. The d.c.
reflectometry (TDR) to determine the ap- conductivity for ice and water differs by
parent dielectric constant, Ka, of soils several orders of magnitude; thus a meas-
from the measurement of propagation time ured soil conductivity reflects the ice/
of a step-voltage along a transmission water content of the soil. Since the
line. This enables us to determine the liquid water content is already known
liquid water content of soils. To deter- (from Ka), the ice content can be deter-
mine the ice content, we measure the soil mined. Experimental results are presented.

123



TEMPERATURE DEFORMATIONS OF
FROZEN SOILS

Ponomarjov,V.D.,Cand.ScResearch Institute for Bases and

Underground Structures,Moscow, USSR

The experimental and theore- responding to the range of inten-
tical research of the temperatu- sive phase changes,contraction as
re ueformation of the permafrost, well as expansion of the frozen
which is accelerated in the rece- soil is observed.For sand soils
nt years,is caused by the neces- at temperatures below -500 the es-
sity of considering taese defor- timated values of deformation coi-
mations,when calculating and de- nside with the experimental ones.
signing different types of struc- For clay soils estimated values
tures,interesting with freezed not only coinside with the expe-
and frozen soils.It especially rimental ones but have different
refers to the field of highway signs.It is also seen that the
construction,designing undergro- expansion of frozen soil on cool-
und storage of crude oil,etc. ing is observed when the degree

Let's mark another field,who- of water-saturation is near to I.
re the development of temperatu- In our opinion the most proba-
re deformations may have a subs- ble reason in sign-changing def-
tantial meaning.This field refers ormation of frozen soil on its
to studying the strength and deco cooling is presence of gaseous
formative characteristics of the component and the possibility of
frozen soil and also to the tech- deformation of crystals of pore
nique of determination of these ice on changing the volume of the
characteristics.The frozen soil gaseous phase in accordance with
sample during the period from the changes of the temperature.
the moment of its selection from Let's consider the offered so-
the borehole,pit or any other wo- heme of deformation process of
rking before starting the test is frozen clay during cooling(Fig.Il
subjected,as a rule,to numerous The summary deformation of the
temperature effects.These effects soil consists of temperature de-
may bring to unreparable conditi- formation of the mineral partic-
ons of the permafrost structure les and ice in accordance with
and in the event,on receiving the their volume and linear deforms-
values of strength or deformative tion coefficients.Deformation of
oharacteristics,not corresponding hese soil phases during its co-
to the conditions of natural soil oling will lead to the diminising
bedding,although the uemperature of volume.
during the test of the sample was The decrease of temperature of
kept up on the natural level, the soil will cause the decrease

Experimental researeh(I)sho- of the amount of unfrozen water
wed that when cooling frozen so- due to its transformation into
ils in the temperazure range,cor- ice.Tausthe volume of the unfro-
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hen water transformed into ice in- 1- coe'ficient of volumetric
creases by 0.091.Tuis type of def- expansion of water trans-
ormation also involves Lhe general forming into ice= 0.091;

increase of the soil volume and 13,- coefficient of volumetric
appearance of internal pressure. contraction of the gase-~ous phase;

-Vk 1 relative volumetric con-
tents in the soil of mi-

S""neral particles,ice and
gaseous pnase,correspon-
dingly;

VoiV- relative volumetric con-
tents in the soil of un-
frozen water at tae ini-
tial t, aid final t soil
temperature s,corresondin-

/ gly.
u The relative volumetric con-

Fig. I tents of separate soil puases
The scheme of the structure of cUe may be defined by physical
fou-phdsed clay soil. characteristics of the soil
I-mineral particles; as : h
2-unfrozen water; ' -,
3-pore ice; s (2)

4-gaseous phase; V4'
In gaseous paase of the soil, .--, (3)

wich presents a trapping of gas (4)

cavities in tne soil pores,occurs (5)
a decrease of pressure in accorda- , )
nce with the decrease of tempera- s-1  Vi Vn,); (6)
tue. o =(- )( -Vsk) (7)The ice being a plastic sub-
stance of the internal pressure where Y -volumetric aas of

on the ice on one side and the soil skeleton,g/cr

decrease of the gas pressure from 5s)41 -
),

- density of soil skeleton,

the other leads to a possibility ice and unfrozen wat r

of the pore ice deformation and correspondinglyg/cm
5 ;

fiilling the gas cavities,which W- total moisture counted of

are decreasing in volumewith this the soil;

ice. W,oadW moisture content aue to

Thus, the presence of the ga- unfrozen water at the in-

seous phase will compensate the itial and final soil tem-
soil volume increase due to tran- perature,correspondingly;

sformation of the unfrozen water degree of water satur -

into ice. The value of this com- tion of the soil.

pensation will depend on the ini- The equation for the coeffi-

tial volume of the gaseous phase. cient of volumetric contraction

In accordance with the above- of the gaseous phase on cooling
mentioned for the general volume the soil may be obtained as de-

deformation F of the frozen fined below.

soil wnen cooled we may define as: If the gas pressure in the so-
il at the temperature TT was PT,

i4) -t)+ ,-VL tA-~ (,V.,) (!) then when cooling the silto tfe

where Aisk and J3i -coefficients temperature T2 , the pressure will

Of volumetric expansion of fall to P2 .The pressure on the

the mineral soil skeleton and pore ice,arising in the result

ice,correspondingly of the increase of its volume,
when transforming the unfrozen

/ 30 / 0 water into ice increases to so-
,3t. -51 0'-'C / me extent Pi ,apparently close

to the value of long-term tensile
st;rength. Filling the part of vo-
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lume of gaseous cavities by pore
ice in the result of its deforma- IV
tion occurs under the effect of
tne difference of pressures on /6
the ice and the pressure in the
gaseous cavity.2he deformation of
ice and tne decrease of gaseous
phase volume will continue until
the pressure in the gaseous cavi- 8 8
ties will become equal to the in- O.e5
cdrnal pressure on the ice.4 1

Using the equation of the 2
gas conditionmay De written as:

Pfi', P, V 2  /0 , , 0
T,7.,

where PI and P - pres~ure in the 4
ga-eous 6nase of une soil J
at Lhe temperatures T1 and ell
.2,correspondingly (T, and

l0-absolute temperatures,

1iaJ, V2 - relative volumes
of gaseous component at the /6
same uemperatures.

Taking into account that Va2 =V,-74 V, .i0 "

from (8) we will receive the con- Fig.2. Estimated curve of tempe-
traction of tne relative gaseous M?
phase volume on cooling the rature deformation of fro-
soil: zen ground on cooling from

-(9) I-egree of water-saturation G=-I;
-ihus,the coefficient of the volu- 2.-G=0.98;3.-G-O.9614.-GO.90;
metric contraction of the gaseous 5.-G--O.80;6.-without taking into
phase equals: account the deformation during

A / Ia the transformation of the unfro-
" zen water into ioe#7-experimental

on iig.2 and 3 we have cur- curve at G I.
yes of linear temperature defor-
mations of the frozen soil,calcu-
laced with the help of formula(I)
considering that linear deforma- 20 #
tions X '

Soil is tae laie-aliuvial 16
loam of ma~ive cryogenic struct 1,/
re,volumetric mass Y, = 0.95 g/cm, .,
volumetric mass of the skeleton - -

= 0.97 g/cm,density of m'8ne- o
ral particles -0 = 2.o5 g/cm , a
total uoisture content wita maxi- 6
mum water-.aturations=60.IA (2). 4

Contraction of soil on the
curves coc'responds to positive2 /
values of and expansion to 0 40 50 60
negative. 2

Gurve (P'ig.2)calcuiaced for 4 - - -

cooling condition at initial soil 6
te'.perature ti=-u.5 0 C and curve
(Fig.-3) at tne initial temperatu- a
re of -20C.For comparison on Fig -/0"4
is given an experimental curve of Fig.3."stimated curve of the tem-
development of temperature defor- perauure deformation of the
mations on couling frozen soil(2). frozen soil w.ien cooling
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from -20C. ficient of volumetric contraction
I-degree of water saturation G=I; of the raseous phase pressure in
2-G=O.98;3-G=0.96;4-G=0.90; the gaseous phase P, and P2 at
5-without taking into account the the temperatures T2 and T are
deformation during the transfor- equal.This a6sumption is gonditio-
mation of the unfrozen water in- nal,because,if the growth rate of
to ice. aeformations of expansion due to

1es (Fig.2 arin eatimated G* the transformation of the unfro-ves (Fig.2 and 35 and experimen- zen water into ice will be fas-
tal3e ad exeren- ter than tae ,rowth of contrac-

tal one (Fig.4)snows the corres- tion of gas cavities due to dec-
pondence of the character of the
curves on development of tae tem- rease of pressure of gas in them,

perature ueformations and appro- then the effective pressure in

ximately the same absolute values gas cavities will be higher thanximae~ythe ameabsl ,t vauesthe pressure of ecoepodn
of deformation in both cases. inteial -o tde corresponding

Curve (Fig.2)shows a consi- i cor temeature T 1 .
derable relationship of the cha- factor will affect the maxi-

racter of temperature aeformati- mum value of deformation of the
on development as well as their soil expansion to the uirection

absolute values dependi. on the of its contraction with the ag-

degree of water-saturation. tee of water-6aturation Ge I and

The degree of water-saturation especiaily,when the initial tempe
IhFieeo r- we tob- ratures of the soil cooling are

being G=I (curve I,Fig.2) we ob-zero.
serve an expansion of soil till
the temperature reaches approxi-
mately -IOOC.Below -IOOC the soil I?#
begins to contract. 4hen degree M.
of water-saturation reaches G=0.8 -
the deformation of expansion is 7
not large. 7

Comparing curves (Fig.2 and 12 -

Fig.3) we find a considerable ue- t0o,
pendence of the temperature defo- a
rmations on tne initial coolin6 S
temperature t. During full water-
saturation and tl=-0.50 C the de- 2.
formations of expansion reach the
value of S 150-I , when t -2 OC i ,71,30,5VUV5 d.
the deformation decrease t O -2 I -"

and when the aegree of &ater-sa- -4 -

turation G=0.95-0.96 the uefor- -6.
mations are practically absent. -

The carried out analysis ex- 10.
plains those seemingly paradoxi-
cal results of exerimental re-

searches,which were obtained on -619
the first stage of studying the Fig.4. Development of aeformati-
temperature deformations of fro- ons of the frozen soils at
zen soils(5).OnIy the contracti- temperature depression
on of frozen soil obtained in ta (experimental data).
these experiments due to cooling
is explained by the small degree Conclusions.
of water-saturation or by the
low initial temperature of fro- I ee comparison of estimated
zen soil. and experimental data on the de-

Note,that the calculations velopment of temperature deforma-
tions in frozen soil snowed theirof the temperature ueformation highly satisfactory similarity

curves of the frozen soil, the re-
sults of which are iven on the wnich testifies tue correctness
curves (Fig.2 and 3) were carri- of the stated idea of the physi-

ed out with the assumption that cal nature of the temperature

the expression (10) for the coef- deformarion process of the frozen
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1.,1e showed analysis of the me-
cnanism of frozen soil ueforma-
tion on changing its tamperature
allows to predict ;he value of
the Lvmperature deformations oy
the physical characteristics of
the soil and to apply a well-
grounded meunod in studying tem-
peratuire aefomations in accor-
uance with vconcrete aims and
soil property.
5.2ormula (I) may be used for
the estimation of temperature
ar ormation values and their in-
fluence on uue resuits of the
experiments in studying the at-
ren6th and deformation characte-
ri6tics of the fr6zen soils.
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THE HYDRAULIC CONDUCTIVITY OF
SOILS DURING FROST HEAVE

Signe Kjelstrup Ratkje,Laboratory of Physical Chemistry, The Norwegian Insti-
tute of Technology, N-7034 Trondheim - NTH Norway.
Mideo Yanamoto, Tsutomu.Takashi, Takahiro Ohrai and
Jun Okamoto, Research Institute, Seiken Co. Auto-Center Bldg.No.68 Kawarayama-
chi 3-bancho, Minamiku, Osaka, Japan.

ABSTRACT by experiments performed by Takashi et al
(1980), and secondly to present calculat-

It is shown that the irreversible ions on hydraulic conductivities for
thermodynamic theory of frost heave as soils during frost heave at a tempera-
presented by Forland and Ratkje (1980) ture range extending from -70 to -30C
is verified by experiments performed by A study of the temperature range from 0
Takashi et al (1980). This theory pre- to -40C will be an extension of this work.
dicts that the essential parameter of
transport during frost heave is the hy-
draulic conductivity of the soil. Using THEORY
the data of Takashi et al (1980) the
hydraulic conductivity of Manaita-bridge The irreversible thermodynamic
clay and Negeshi silt has been calculat- theory of frost heave has been described
ed for cooling temperatures as low as previously (Forland and Ratkje, 1980 a,

-29.44 C. The hydraulic conductivity de- b). The essential points are as follows:
creases in value with decreasig tempera- The entropy production of the coup-
ture and is at least one order of magni- led transport of heat and mass in frost
tude smaller than its value predicted heave is completely described by two in-
previously, dependent fluxes and their conjugate

forces. These are

INTRODUCTION Jq,=-Lll A %) -L2 "f2 A1 jiT  (1)

It is reasonable to look at a trans- 1 - 1
port system using a general thermodyna- w 21 A -L2 2 T2 '"iT (2)
mic framework before introducing models 2
to describe specific mechanisms of trans- J , is the measureable heat transferred
port. An irreversible thermodynamic fdom the unfrozen water supply to the
description of transport defines the ice lens. The coupled transport begins
overall macroscopic conditions of the at 00 C, as negligible coupling between
transport system. One description of heat and mass transfer occurs above this
this nature has been presented for frost temperature. T. . are average transport
heave by Forland and Ratkje (1980 ab). coefficients forJthe finite region of
It predicts the hydrostatic pressure transport from the O°C isotherm to the
variation or the overburden pressure in ice lens. AT for the transport will
frost heave and includes conditions for always be equal to the temperature at the
pressure kind temperature variations, ice in C. J is the water flux across

The purpose of this paper is two- the soil inWkg per area and time. By
fold: First to discuss further the con- choosing a particular reference state

ditions and limitations proposed by this for the transferred heat energy and for

theory, with a verification of the results the chemical potential of water, we can
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use All iT as the chemical force of trans- k
port (see Forland and Ratkje, 1980b) L'2 2/T2- Vi.*w.lf (9)
APT is the difference in chemical poten- f
tial of ice due to concentration and is related to J by
pressure variations ia the soil: w

c *v(P-P J-J V (10)AiTA iT Vi(P2- ) 13 w w
where V is the molar volume of water.

Usually the soil composition changes very Three independent measurements are suf-
little, so ficient for a complete characterization

Alli-O (4) of our transport system. The fourth
equation that relates the transport coef-

V. is the partial molar volume of ice, ficients is Onsager's reciprocal relation:
and P2 - P = AP is the difference in For local transport coefficients L 2-L ..
hydrostatic pressure across the total We will assump that Onsager's rela ion2'
region of transport. also holds for average coefficients.

The transport coefficients, L.., For frost heave only one tinsport
are identified by equations that foltaw. coefficient is essential. This can be
Eqn. 2 is inserted into eqn. 1 go give seen by combining eqns. 2, 3, 4, 6 and 9.
the heat flow as a function of AT and k AHf .AT
water flow. J- +VAP)v- (11)

wae fl L~ L ~w r(T 2  i Vi VwL12 L21 )A( 1)+ f
Jq'C-(Lil w This equation tells us that water is

L22 transported to the cold region due to

In the case of pure heat conduc- AT. It is transported at a speed given

t 0) the coefficient parenthe- by the hydraulic conductivity coefficient
tion 0) until an upper limit of pressure differ-
sis can be related to the thermal con-
ductivity X of the soil by Fourier's law. ence, CAP)J 0 u, is obtained. In the
The last part of eqn.5 describes the re- frost heave situation it is only eqn.ll
versible part of the heat transport. that will describe water flow correctly.
The ratio f/TL22 can be identified as Darcy's law cannot be used for frost
the transported enthalphy per mole of heave, because it is not valid for AT-O,

water when going from 0 0C to the ice lens. as can be seen by comparing eqn. 7 and 8.
This is equal to the heat of freezing at It should be noted that AP in eqn.ll is
T if changes in adsorption entha]pies not the difference in pressure between
afong the transport path are neglected. two different phases, as obtained from
This is again close to the heat of free- Clapeyron's equation (Loch and Kay, 1978).
zing at 0 C. We have: a is independent of soil type but de-

u
0 Jpendent on the temperature at the ice

0Jq,/Jw) T 1 /T22 AH f (0°C)T<0 C (6) lense as can be seen from the following
q w 0 relation:

The coefficient L may be identified a uAHf AT/T2V i  (12)
from eqns. 2, 3 anA 4:

It should be noted that no assumption
22 /T 2--(Jw /V iAP)AT-0 (7) about capillary forces are used in the

derivation of eqns.ll and 12. Because J

In eqn.7, 2 2/T2 represents the is a small quantity in frozen soils, it
hydraulic conductivity of the soil at is difficult to measure J directly and
constant temperature T2 . Eqn.7 when find k through eqn.8. Eqn.ll provides
written in the following manner, is an easier way of finding k during frost
Darcy's law: heave. In a closed system, J can be re-

lated to the heave rate dh/dt and the
J--k AP (8) freezing expansion ratio of water r

If 0.09 by:

1f is the length of the sample. J is J-dh/(l+F)dt (13)

measured as .yolume flow per unit area and
time (m sec ), and k is the hydraulic When eqns. 10, 11 and 13 are combined we

conductivity coelficient. When AP is obtain
miasufed in N m , k has the dimension

sm kg . The relation between L22 and k is:
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1f(dh/dt) V. creasing the pressure difference water
f 1 (14) flow or growth of the ice lens was re-

k-- I+F (A f A/T +Aversed.

One prerequisite must be satisfied
We emphasize that k cannot be de- in order that the relationship in eqn.12

termined for an isothermal system when holds true: a continuous path for water
calculated by eqn. 14. k should be re- flow must be maintained: that is k > 0.
garded as an average coefficient for the The temperature C on the cooling plate
temperatures in question. However, at can be so low tha t ice lens formation

this stage it is valuable to introduce occurs in a region with T < . This

soil parameters that affect microscopic was found experimentally Tor 0 <-20 C

m odels, such as capillary pore radius; for anaita-bridge clay, and 0 -4 0C

soil water content; viscosity; and others. for Negishi silt. If 0 denotes the

In practice, k should be determined for lowest temperature at wri the network
different soils, and its value related can be uninterrupted while sLill permit-
to important soil parameters. We antici- ting unfrozen water to flow through a
pate that critical range values for k specific soil, then a (calculated from

will be found. Soils which are suscept- AT = 0 . in eqn.l2 will give the actual
ible to frost heave, will have values ca

for tht ar beow tis ange Itmaximum Aeaving pressure for that parti-for k that are below this range. It cular soil.

should be possible to predict suscepti-
bility to frost heave from soil pars- B. Hydraulic conductivities during frost
mcters, when a correlation between k heave.
and these parameters is developed.

The experimental results referred
to in the previous section were used to
calculate the hydraulic conductivity co-

efficient k of the Manaita-bridge clay
A. The maximum pressure in frost heave, and Negishi silt soils. The hydraulic

conductivity coefficient, k, was calcu-
The maximum theoretically obtain- lated using eqn.14. The results are

able pressure, a is independent of soil given in Tables 1 and 2.
type. It depends only on AT. By in-
serting physical constants into lqn.le

we~~~~~ fidtaI/T=-10k e The hydraulic conductivitywe find that aAT er1140 kN m-deg--, coefficients were calculated for para-The following pa amters have bern se : mtr bandatrI0hso

=~ ~ 333Jku . ~~Omk meters obtained after 100 hrs ofAn T2= 263K.J kg-, Vi. =  'l10-m kg experiment. At this point in the
iet al. paid special atten- experiment, the most accurate heave

Takashi earates were obtained for onstant
tion to the measurement of maximum pres- temperature conditions. With the
sures. They plotted a against AT and exception of one case given in Table 2,
found the theoretical value for small the ice lens always formed at the

values of AT. This confirms our assump- cooling plate. In the last experimenttion for the ratio L12 /L2 2 (eqn.6).colgpat. nthlsteeret
Two Japanese sols, Manaita-bridge reported in Table 2, the temperature at

clay and Negishi silt were used in their the cooling plate was lower than 12 C,
experimd e s T wpere re wsed m e r and the lens was gormed between the
experiments. Tempereature was measured freezing front (0 C isotherm) and the
at the cooling plate 0 , and in the un- cooling plate. The temperature at the
frozen layer, C. The overburden pressure ice was the critical temperature
was registered. This is equal to the (0 .= - 120C) for Negishi silt. k is
total pressure on the system in the region deffnd as the average value for the
of the ice. The system's total crossec- specimen 0 at O° and the ice lens
tional pressure at the site of a porous tperae. UCeanty in lns

plugin he nfrzenlayr ws aso ea- temperature. Uncertainty in calculated
plug in the unfrozen layer was also mes- values is + 20%, which is chiefly cue
sured. This is the hydrostatic pressure to uncertaTnty in measurement of heave

of water at temperature P., and it is t e B y in the o eave
rate. By comparing the two tables it

also equal to the pressure P1 where water is seen that k decreases with decreasing
transport begins. The difference, AP, temperature. This means that k is
was calculated for J = 0, giving a. At temperature dependent. For the same
the upper limit of heaving pressure, AT (-IO°C), Manaitabridge clay has a
equilibrium is obtained between a heatforc andtheforc cratedby difer- hydraulic conductivity coefficient aboutforce and the force created by a differ- 2-3 times greater than that of Negishi

ence in chemical potential (Via). By in-
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Table 1. Hydraulic conductivity coefficient k for Manaita-bridge clay as

calculated from eqn. 14 (see text). The run numbers refer to measurements of

Takashi et rI. (1980). The heave rate is given by dh/dt, the water flux by J and

the temperature difference between the ice lens and the unfrozen water supply by

AT. AP is the piessure difference that developed after 100 hrs. The length of the

soil specimen is 9.0 cm.

Run dh/dL J AT Ap 108 k

no 10- 7mhr
-  10 ms

- I  K 102Nm2 sm3kg- 1

1 6.19 1.58 -10 75.9 3.5

18 6.86 1.74 -29.4 233.7 1.5

ti

Table 2. Hydraulic conductivity coefficient k for Negishi silt as calculated

from eqn. 3.12 (see text). The run numbers refer to measurements of Takashi et

al. (1980). The heave rate is given by dh/dt; the water flux by J; and the

differences in temperature between the ice lens and the unfrozen eater supply by

AT. AP is the pressure difference that developed after 100 hrs. The length of

the specimen is usually 9.0 cm, and AT is the temperature 0 at the cooling plate.

In run 5,0 - - 14,38 C and the ice lens forms at AT = 0crit (at a distance of)

0.5 cm above the cooling plate.

Run dh/dt J AT AP 1018 k

no 10- mhr
- 
1 0-10 ms

- I  K 102Nm
2  sm3kg

-
1

2 6.19 1.58 -7.15 48.3 4.1

3 3.77 0.96 -8.87 53.0 1.7

4 3.64 1.18 -11.98 62.6 1.4

5 5.16 1.31 -12.0 63.3 1.5

At present we have not evaluated encugh

silt. A'so, k can be determined for a experiments to make good correlations

temperature difference as low as - 300C between values of k and soil type.

for Manaiti-bridge clay, whereas for Eqn.14 permits the calculation of

Negishi silt AT =-12 C is the lowest limit hydraulic conductivity at temperatures

for continuous water flow to the ice tens. below 0 C using experimental data. The

This difference can be explained in terms values obtained using this procedure are

of pore size of the two soils. Manaira- one order of magnitude smaller than the

bridge clay has a grain size distribution value estimated by Loch and Kay (1978).

lower than Negishi silt by one order of These same values are two orders of

magnitude (see Takashi et al.,2 19T0). magnitude smaller than those obtained by

The specific surface area in m g- is Burt and Williams (1976) at -0.5
0
C. The

136.2 and 27.2 for Manita-bridge clay and decrease in k below -0.5°C is significant.

Negishi silt respLotively. This means This was not indicated by the measure-

that the capillaries in Manita-bridge ments of Burt and Williams. Even if our

clay are finer than in Negishi silt, which value of k is comparatively small, the

m.ikes it possible for water to stay in force driving water transport is usually

the cagillaries at a tmperature as low large enough that normal heaves can be

as -30 C as a supercooled water phase. adequately modelled.
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CONCLUSION

The present results indicate that
a useful parameter for the description
of frost heave is hydraulic conductivity
of various soil types. Further investi-
gations should be carried out in order
to find relationships between this para-
meter and parameters such as grain size
and pore size distributions. We believe
that predictive models of hydraulic con-
ductivities at freezing temperatures can
also be used to predict frost heave rates
and maximum pressures.
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THERMAL PROPZRTIES OF SOILS
RELEVANT TO GROUND FREEZING
Design Techniques for Their Estimation

Omar T. Farouki, Department of Civil Engineering, Queen's University of Belfast

In ground freezing it is vital to The thermal conductivity determines the
have good estimates of the thermal pro- rate of heat transfer through the soil
perties of the soil, both before and and hence the rate at which heat may be
after freezing. The Kersten method has extracted from the soil. The thermal dif-
so far been generally used for this pur- fusivity governs the resulting rate of
pose. The limitations of this method are change of the soil temperature. These
described in this paper and other methods properties are required for use in cal-
are proposed that give better estimates culations for determining the necessary
when a'plied to certain types and cond- refrigeration capacity to achieve ground
itions of soils. In particular, know- freezing down to a given temperature over
ledge of the soil quartz content is the target time period. A further import-
important as a basis for a more accurate ant consideration is that freezing also
estimate of the thermal conductivity of involves the removal of the latent heat
coarse soil, while for frozen fine soil of the soil water as it converts to ice.

the unfrozen water content may be import- In the determination of the thermal
ant. conductivity of soils, tle method of

Expected ranges of thermal conduct- Kersten (1949) has so far been generally
ivity values are given for fine, and for used. Based on this method, Sanger (1968)
coarse, soils that may be unfrozen or presented a chart from which the thermal
frozen and have various dry densities conductivity of saturated soils, unfrozen
and moisture contents. Depending on the or frozen, can be found for the purposes
volumetric heat capacity of the soil, a of ground freezing in construction.
calculation can be made of its thermal Kersten recognized some of the limitat-
diffusivity which influences the magni- ions of his method, noting that it gave
tude and rate of temperature changes. thermal conductivity values that were too

P discussion is included of the high for sands containing little quartz.
factors which cause changes in the ther- On the other hand for coarse soils with a
mal conductivity and other relevant pro- high quartz content, Johansen (1975) ob-
perties of a soil upon freezing. served that the relevant Kersten equations

underpredicted the thermal conductivity.
while those equations applicable to silt/

INTRODUCTION clay soils overpredicted. A method was
developed by Johansen which would take

In ground freezing operations, it is the quartz content of the soil into ac-
vital to have good estimates of the pro- count, using this content to derive an
perties of the soil in the unfrozen and average thermal conductivity of the soil
frozen conditions. The relevant proper- solids ks . Kersten's empirical equations
ties are the thermal conductivity k, the are based on the data of just four or five
thermal diffusivity a and the volumetric soils and the equations imply a value of
heat capacity C of the soil, these being ks equal to 5 W/mK for coarse soils or to
connected by the relationship Q - k/C. 3 W/mX for fine soils. As the actual
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range of variation in k. may be from RESULTS AND RECOMMENDATIONS
about 2 W/mK up to about 8 Wi., the
Kersten method has serious drawbacks. It was-found that, where Kersten's

In a USACRREL research report, method was unreliable, the method of
Farouki (1981b) evaluated the available Johansen generally gave the best estim-
methods for calculating the thermal con- ates of thermal conductivity. Particular

ductivity of soils. There are seven exceptions were at low degrees of satur-
methods which are applicable to unsatur- ation which are unlikely to occur in
ated soils in the unfrozen condition soils to which the ground freezing tech-
while only four of these apply to the nique might be applied. With regard to
frozen condition. In either condition this technique, special attention is
two more methods may be applied if the given here to the results applicable to
soil is saturated. The thermal conduct- soils with high moisture contents.
ivity values ('predictions') given by
these methods were compared with the mea- Coarse soils
sured values relating to soils of known
composition as reported by various exper- In the case of coarse soils (un-
ipenters, an indication of the quartz frozen or frozen), the predictions given
content being particularly important. A by the Kersten method are either unacc-
determination was made of the method giv- eptably high when the quartz content is
ing the best agreement between its pre- low, or unacceptably low when the quartz
diction and the measured value for content is high. The Kersten method,
various types and conditions of soil. A however, gives generally good estimates
summary is given here of the main con- (within t 25% of the measured values) at
clusions that are relevant to ground intermediate quartz contents of about
freezing. Also stated are some further 60' of the solids content of the soil
relevant considerations arising from a (corresponding to k. - 4.6 W/mK).
study of the thermal properties of soils At a quartz content near IOOZ, ks
by Farouki (1981a) in a USACRREL mono- is about 8 W/mK and the Johansen method
graph. gives Fig. I for unfrozen soils and

Fig. 2 for frozen soils. The thermal

Yd 2.0 g/cm
3

3 .9

4.0- 'd 2.0 g/cm1.

3.r- ~ . .
4.0.

~3. , ~ .. 0-.. S
52. -. " 400-

.. 

o. 

'

Osaturation
20 30 4 0

Moisture content Z 0O

igure 1. Thermal conductivity of un- • , ,
frozen coarse soil wih ks - 6 W/% K" IO 0 30 4

(continuous curves at constant dry Moisture content 2
den sty d) . Figure 2. hermal cond utvty of fro-

zen coarse soil with ka . 8 V/m K (con-
tinuous curves at constant dry density

-fd).
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conductivity may be determined from 1.5 2 0
'.9the appropriate figure depending on the

moisture content and dry density of the 1.

soil. -- 100
Drying of a wet coarse soil con- 1.

taining a small amount of clay gave a
thermal conductivity value in the nearly > _60

dry state that was higher than might 0 o d 1 1 g/cM

have been expected (Farouki 1966). This
was considered to result from the bind- r 0.5 0
ing effect of the clay leading to better U

heat transfer at the points of contact 10% saturation
of the granular skeleton. A similar
effect may be expected after freezing
since the freezing process is analogous Moiltur? coptent 7
to the drying process. The increase in 1 0 20 30 40
thermal conductivity after drying was Figure 3. Thermal conductivity of un-
about 160% (as compared with the un- frozen coarse soil with ks . 2 W/m K.
bound state) for a clay content of about

8% fa coarse soil containing such a2.-
clycontent is subjected to freezing, 2.07-5 .3 1

it is suggested that the thermal con-
ductivity given by the Johansen method g/cm3  80_
should be increased by 160%. The effect
would be less if the clay content is L
different. A greater clay content mere- -

ly pushes the granular skeleton apart .. . ..

and reduces the effectiveness of heat >
transfer at the contacts. At clay con-
tents above 15%, no allowance should be 1. -

made for a binding effect. 0
0At quartz contents near zero, the o

value of ks may be around 2 W/mK, the
thermal conductivity of feldspar and
mica. At this value of ks, the Johan- W 0

sen method gives the curves in Fig. 3 0% saturation
for unfrozen soils and Fig. 4 for fro-
zen soils.

To find the thermal conductivity Moisture content 7
of coarse soils with intermediate quartz 20 3
contents, the value of k. may first be Figure 4. Thermal conductivity of tro-
obtained by interpolation from Fig. 5. zen coarse or fine soil (k. - 2 W/m K)
This value may then be used to inter- [UWC - 0 for fine soil].
polate between the thermal conductivity
values corresponding to ks - 8 W/mK
(Fig. I or 2) and to ks = 2 W/mK (Fig. 8.0-
3 or 4) for the unfrozen or frozen
state. Such an interpolation provides >

sufficient accuracy. 4 6.0
Some coarse soils with quartz con-

tents less than 20% may, in addition to 0
mica, contain minerals such as pyroxene U
and amphibolite with a thermal conduct- -4.0

ivity around 4 W/mK. For such soils, CO'

it is suggested that the value of ks  -

may be interpolated between 3.0 and 3.7 A 2.0
W/mK as the quartz content increases
from 0 to 20%. atcontept (% of soil solids

Fine Soils r 20 40 6 0 80 100

Figure 5. Thermal conductivity of soil
For fine soils in the unfrozen con- solids as a function of their quartz

dition, both the Johu.isen and Kersten content.
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methods give good or adequate predictions 14 Yd = I g/cm3

(within ± 35%) but the latter does so .7
only when the degree of saturation Sr is 12 .5
above 0.3. Fig. 6 is based on the Johan- _80 -"00 1.3
sen method setting ks equal to 2 W/mK. .1.0
More accurate information is needed on
the value of ks for different clay mo- " . 1
erals. When such measurements are avail- U
able, the thermal conductivity values r_.6 I

obtained from Fig. 6 may be adjusted 0

with the aid of the sensitivity coeffi- o.4k 0
cients given in Table I. M

In the case of frozen fine soils, 0.2 107 saturation
the Kersten method generally gave good
predictions, so that the thermal con- 10 20 3C 40
ductivity may be determined from Fig. 7. Moisture content Z
However at Sr above 0.9, the Kersten Figure 6. Thermal conductivity of un-

frozen fine soil with ks f 2 W/m K.

Table I. Sensitivity of soil thermal conductivity to
variation in ks (Ak/Aks) W/m K units.

Coarse soil Fine soil
(ks range 3 to 8) (k. range 2 to 3)

Unfrozen

Sr = 1.0 0.240 0.324

Sr = 0.5 0.189 0.228

Frozen

Sr = 1.0 0.422 0.572

Sr = 0.5 0.212 0.287

25

0 o 20 0 40 50

Moisqturp rnnrpnt !

Figure 7. Thermal conductivity of frozen silt/clay soils
based on Kersten (1949). After Andersland and Anderson (1978).

method gave some predictions that were was made with the Johansen method result-

too high (up to 60% for Leda clay). It ing in deviations within 107 for UWC
appeared that this was due to the pre- values ranging from 0.135 to 0.075 (as a

sence of unfrozen water which Kersen's fraction of unit soil volume) at temp-
method cannot take into account. Allow- eratures ranging from -2.5 to -220 C. Ac-
ance for the unfrozen water content (UWC) cording to Johansen, the thermal conduct-
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ivity of a saturated frozen soil is l0g u - a + blo1S + cSd l o g e

k = k(l- n) 2 .2 n0
.
26 9UWC where a = 0.2618

sat s b = 0.5519

where n is the fractional porosity. Table c = -1.449
2 gives an idea of the effect of UWC for d = -0.264.

a soil with a dry density of 1.4 g/cm3 .
(wu is the percent of unfrozen water con- S may be simply determined by multiply-
tent by weight as related to the dry ing the clay fraction prese.t in the
soil weight). soil by 500 m2 /g which is the average

If UWC is set equal to zero in the specific surface area of clay minerals
Johansen method it gives the curves (McGaw and Tice 1976).
shown in Fig. 4 for frozen fine soils
(ks = 2 W/mK) agreeing approximately Sensitivity
with Kersten's curves. Table 2 may be
used to estimate the effect of UWC in To help in assessing the effects of
reducing the thermal conductivity values changes in ks and soil moisture content
given by Fig. 4 for frozen fine soils w, the values in Tables I and 3 may be
that are saturated or unsaturated, used. These are taken from the sensit-

Table 2. Reduction in frozen saturated soil thermal conductivity due
to unfrozen water content.

UWC Wu ksat 7 reduction
fraction by volume % by dry weight W/mK

O 0 2.09 -

0.1 7.1 1.84 12.3
0.2 14.2 1.61 12.3

Unfrozen water content. This has ivity analysis done by Farouki (1981b).
been related to the specific surface Table I gives the change in soil thermal
area S(m2/g) of the soil and the conductivity k due to unit change in ks .
temperature -POC by the relationship For the higher Sr values, Table 3 gives
(A.derson et al 1973): the sensitivity sw defined as the per-

cent increase in k per 1% increase in w
at constant dry density Yd.

Table 3. Sensitivity sw of soil thermal conductivity to moisture content
(W/m K units). ks = 8 for coarse or ks = 2 for fine soil.

Unfrozen Frozen

(Sr range 0.5 to 1 approx.) (Sr range 0.7 to I approx.)

g/cm3 Coarse Fine Coarse Fine

Sw Sw Sw  Sw

1.1 1.2 1.6 2.7 2.6
1.4 1.2 1.6 3.5 3.3
1.7 3.3 2.7 5.4 4.9
2.0 5.1 5.2 12.0 9.6
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The effect of changes in Yd may be iment composed of quartz. The thermal
expressed by s7 defined as the percent conductivity tends towards the value for
increase in k per 0.1 g/cm 3 increase in water (abouf- 0.57 W/mK) and a like be-

Yd at constant w. For the higher values haviour is expected for marshy conditions.
of w, rough average values of s.Y are 15% A similar trend is shown by Fig. 9

and 127 for unfrozen coarse and fine soils where the thermal conductivity of perma-
rcspectively or 18% and 14% for frozen frost decreases as the ice content in-
coarse and fine soils respectively. These creases excessively. In this case the
are based on the Johansen method as are thermal conductivity tends to a value
the values given in Tables I and 3. about 30% below the thermal conductivity

of ice (2.2 W/mK). Slusarchuk and Watson

Excessive moisture content (1975) observed that this naturally-
occurring ice-rich permafrost contained

When the water content is so large many small air bubbles and discontinuit-

that the soil grains no longer contact ies which would lower its thermal con-

each other, the dry density decreases ductivity.
considerably as water displaces the soil
grains. A rapid decrease in the thermal Thermal diffusivity
conductivity occurs with increasing wter
content as shown in Fig. 8 for ocean sed- The thermal diffusivity of a soil

1.4

1.2

1.0

• 0.8

u 0.6

o
S0.4

Water content n

50 100 150 200 250

Figure 8. Thermal conductivity of ocean sediment [based on data

of Ratcliffe (1960)].

2.4

2.2-

> 2.0 - "

°O\

U -0 N

0 40 80 120 160 U

Ice Content Z

Figure 9. Thermal conductivity of undistrubed permafrost (based on

data of Slusarchuk and Watson (1975)].
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may be calculated from the estimated The rate of freeze of a soil de-
thermal conductivity value by dividing creases greatly as its moisture content
this by the volumetric heat capacity C increases. If an external supply of
of the soil. For unfrozen soils water is available to a silty soil in

the field, slow freezing of this soil
could lead to formation of ice lenses

Cu Yd (0.18 + 1.0 -w)C and surface heaving. To obviate this
Cw 0. I --) w  the freezing should be conducted as

rapidly as possible.

while for frozen soil
CONCLUSIONS

Cf ' Y (0.18 + 0.5 100 ) Techniques have been described
w whereby rational estimates (probably

within ± 25% in general) may be obtained
where Cw is the volumetric heat capacity for the thermal conductivity (and hence
of water and yw is the density of water, thermal diffusivity) of unfrozen or

frozen soils depending on their moisture
Factors in soil freezing content and dry density. It is import-

ant to know the quartz content of coarse
Whereas at low Sr values the thermal soils or the unfrozen water content of

conductivity of a soil may decrease on frozen silt/clay materials.
freezing, at high Sr values there is a
considerable increase in the thermal con-
ductiviry when the soil freezes. This REFERENCES
results from the fact that the thermal
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THERMAL PROPERTIES OF FREEZING SOILS

M.W. Smith Geotechnical Science Laboratories,
D.W. Riseborough Carleton University,

Ottawa, Canada

ABSTRACT

A new needle probe is used to meas- ometry. The data allow us to derive re-
ure the thermal conductivity and diffus- lationships between thermal conductivity
ivity of soils at freezing temperatures. and temperature (i.e. unfrozen water con-
The design permits use of a very smsll tent) and diffusivity versus temperature.
heat pulse to minimize thermal disturb- Knowledge of the phase composition allows
ance of the sample; thus measurements calculation of the volumetric heat capac-
can be made close to OC. Corresponding ity, which serves as a check for the
measurements of soil water phase composi- thermal probe measurements.
tion are made using time domain reflect-
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EFFECTS OF SALINITY ON FREEZING
OF GRANULAR SOILS

Larry J. Mahar Project Engineer, Ertec Western, Inc., Long Beach, California
Ted S. Vinson Associate Professor, Dept. of Civil Engineering, Oregon

State University, Corvallis, Oregon
Ralph Wilson Graduate Research Assistant, Dept. of Civil Engineering, Oregon

State University, Corvallis, Oregon

ABSTRACT

The use of artificial freezing tech- pore water. The results also demonstrate
niques for construction in the marine en- that, during freezing, salt migrates away
vironment nust consider the effects of from a freezing front causing a zone of
salinity in the pore water and the conse- high salinity to form at the unfrozen-
quences of too rapid a rate of freezing on frozen soil interface. Rapid artificial
the stability of the resulting frozen freezing of soils containing saline pore
soil. To address this problem laboratory water may result in the following adverse
model tests were conducted to observe the effects: 1) freezing fronts can skip over
effects of salinity on the freezing rate zones of high salinity created by migra-
of granular soils. Experimental data tion of salt resulting in development of
from laboratory freezing tests are pre- pockets of unfrozen soil with brine in the
sented which suggest a modification in pore spaces, and 2) very rapid freezing
thermal properties normally used for gran- can restrict the salt migration process
ular soil to account for salinity in the resulting in a weakened frozen strength

condition.
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THERMOPHYSICAL CHARACTERISTICS OF
FROZEN, FREEZING-THAWING, AND THAWED
ROCKS AND METHODS OF THEIR MEASUREMENT

Philippov P.I. Ins.on Physic.
Stepanov A.V. and Techn.
Timofeev A.M. Problems of

North, USSR

In this paper the evaluation heat and temperature conductivi-
methods of frozen-thawing and ty coefficients are
thawed rock thermophysical oha- (5,- )R -4&
racteristics (volumetric heat ca- A=
pacity,coefficients of heat and (K+3)IT (f-otc)
temperature conductivities) are (,-q 2 )R 2  eL
described as developed by the
authors.

The investigation results thesmpe n
concerning the grinded rook heat e = is
conductivity coefficient as a heater thermal capacity ratio
function of moisture and the cyc- per unit length; K is the shape
lic freezing influence on the factor equal respectively,to
clay-and-cand soil thermophysical 0,1,2 for the plate, the cylin-
properties are presented. der and the sphere.

I. iviethods

Described in[IJ,a complex me-
thod allowing the unfrozen water
quantity and thermophysical cha-
racteristics evaluationis used
for the study of moist bulk ma- I
terials. %

For hard rocks a stage heat- A
ing method[2],based on the heat
conductivity equation solution
at the boundary condition of the
second order for bodies of clas- IQ
sical forms in the case of two
stage sample heating by a heater
of stepwise var,,Ing power from q,
toq,is elaborated.The experimen- T/ME 3.
tal curve that characterizes
the heat temperature growth with Fig.I. The sample surface tem-
timte, is registrated only at one perature variation with time.
sample (surface) point and has
the shape as shown in Fig.l. The Tie next group of rock the-
formulae for calculating the rmophysical response evaluation
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methods is based on the heat con- relationships.For atmospherical-
ductivity equation solution al- ly dry grinled materials the
lowing for the finite heat source heat conductivitr coefficient Is

sizes. described by the formula

Using in (2] the calculation
formula of a short cylindrical
sonde heating temperature pro- ' '
duced by a constant power heater,
proposed by L.R.Ingersoll and al. where A, is the air heat conduc-

C3]a simple calculation formula tivity coefficient; W., is
of short pipe surface temperature the material volume weight;p,
near the tube middle part has is the material unit weight,

been obtained: or

where L is the sonde length and The investigations have been

^ is the sonde radius, carried out for the case when

At ar/e'>, the experimental 0.4, /P O'q .
points of the relationship bet- For wet materials at 0-+35C

ween AT and I/V-" are located on the heat conductivity coeffici-

a straight line. For 1//-= o ent change as a function of moi-

and aT-O ,this line affords,res- sture W is expressed by the

pectively,the calculation formu- formula

lae of the coefficients of heat
and temperature conductivities.

IJ 1T7T • S 9 .

6 L T4 -f6 V (e z T'whereW,1g.) oP bIn
t ? the water specific weight.

For a flat sonde of limited At negative temperatures, -15'

size~the thermal resistance of a 40C

plate located on the bulk rock c
surface Is used [2] A(W) =

R= • w,

where A is the plate length; B is The heat conductivity coefficient
the plate width. Hence,the heat change in the temperature range
conductivity coefficient is from -15to 0C is described by

IL e, 4A the formula

The heat loss through the thermal I' )W-8?]W_ [LkI1'
insulator is defined with the if-I- " JW
help of the preliminary calibra-1
tion In standard mediums at dif-
ferent heater temperatures. where W.a(r)is the unfrozen

water amount as a function of
2. Results temperature, We is the unfro-

zen water amount at -150C.
Thermophysical characteris- The cyclic freezing-thawing

tic of grinded rocks are Inves- influence on the thermophysical
tigated[4]. The diameter of grains properties of the South Yakutia
did not exceed 4 mm. clayey soil that did not experi-

The investigation results are ence the negative temperature in-
given in the form of empirical fluence is examined in(I].
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In the present paper these in- clay content increase the cyclic
vestigations are developed. By freezing-thawing influence dec-
means of the South Yakutia el&vey reases.The heat conductivity oo-
soil washing the sand and the efficient change of pure clay is
clay were separated. Then, the compLrable to that of 40%clay
sand and clay mixtures with the content mixture.
2&%',40,60'1,8055; clay weight con-
tent were prepared.Using the
stage heating method, the thermo-
physical properties of sandclay
and their mixtures in dry and wet
condition were determined. For the
dry condition, the empirical for-
mulae of the heat conductivity
coefficient as a function of vo-
lume weight (Fig.2) and those of
mixture specific heat dependence
on the clay weight content(Fig.3)
are found: -

0, 0774 + 0,0322 .o 3 , _ _,

I - 0,33.0 d'cK "- 10 -"uf "

C9 =(0,?5+042 P)iO t, J.Ky-g1N1 Fig. 3.The specific heat depen-
dence on, the clay component con-
cen tration in the mixture.

where p is the clay weight con-
tent.

+- .- p

* 4,

Fig.2 The relationship between Fig. 4. The heat condixotivity
the heat conductivity coeffici- coefficient ohango% produced by
ent experimental values of dry the triple fraezing-thaving cyo-
sandy-clayey mixtures and the le as a function of humidity
volume weight. and of clay component oonoen-

tration p .
Thentmaking use of these According to the moisture

mixtures, the cyclic freezig- and the concentration of mix-
thawing nfluence on the thermo- turespthe following empirical
physical prop:rties of wet clay equations for calculating the
and sand mixtures is studied,0 heat conductivity coefficient

In sands the cyclic freezing change produced by the triple
-thawing influence on the heat freezing-thawing cycle are es-
conductivity coefficient Is not tablished:for the m xture with
observed.With lay cmponen co- 401%lay ontent A37 -,UW-Of0?
ntent growth, the cyclic fro- 60y., clay ooneton..A=.4-.3.#4015;
e-ming-thawin~g influence on the 80M clayr coztent A5--2.SS#Of7-,
thermal conductivty ooefflc -- for the 100% clayt content
ant Inreases(Fig4). At 605' clay A3-;k.-O.9OW,
c-ontent this inf'luence reaches
the naximum value. At further
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where a. o.W.id:Ktis the heat 2. Philippov P.I.pTimofeev A.M.
conductivity coefficient of the Evaluation Methods of Thermo-
unfrozen material in thawed sta- physical Properties of Solids.-
te and I/ is the moisture con NovosibirskNaukaI978 104 p.
tent in unil fractions. 3. Ingersoll L.R.,Zobei 0.D.,

Ingersoll A.K.Heat conductivity
and its Applioatlon in Engine-
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ELECTRICAL POTENTIALS DURING
FREEZING OF SOILS

V.R. Paran~eswaran National Research Council of Canada

ABSTRACT

Development of electrical potentials rial such as grain size and moisture con-
during freezing of various kinds of mate- tent, and the rate of freezing. In pure
rials such as a saturated quartz sand, a water under rapid cooling (by liquid ni-
clayey silt, a silty clay, and water, was trogen) freezing potentials of up to 12
studied in the laboratory using two dif- voltes were measured. In a quartz sand
ferent experimental setups. In one setup containing 14-20% water the freezing po-
a hollow cylindrical metallic pile through tentials were of the order of 250 mV.
which a refrigerant could be circulated, Using the second experimental setup, the
was embedded in the material, and the po- maximum freezing potential measured under
tentials developed during rapid freezing slow cooling in a clayey silt containing
were measured. In the second setup a PVC 20% water was 230 mV, and in a silty clay
probe containing copper electrodes at 6-in, the maximum freezing potential measured
intervals was embedded in the material under the same conditions was 320 mV.
which was allowed to freeze unidirection- This paper discusses the results of
ally at a very slow zite in a cold room, the laboratory measurements of freezing
and the electrical potentials and related potentials and their implications in the
currents were measured between the elec- design and construction of foundations,
trodes in the frozen and unfrozen regions. chilled pipelines, etc., in permafrost

The magnitude as well as the sign of areas, as well as excavations and con-
the freezing potential were found to de- struction of underground tunnels by ground
pend on the characteristics of the mate- .freezing.
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MODELING THE INTERACTION BETWEEN SOIL
FREEZING SYSTEM AND THERMAL REGIME IN
SOILS USING FEM

Eugen M~akowski, Dipi. -Ing. Dep. of Civil Engineering
Ruhr-Univers ity Bochum
Federal Republic of Germany

ABSTRACT THERMAL DESIGN AND INVESTIGATIONS FOR
FROZEN SOIL PROJECTS IN LAYERED GROUND

To design ground freezing systems
with difficult and complex conditions The use of soil freezing is based
numerical methods as the FEM are to be on an appropriate thermal design which
used. Their capability to treat the pro- includes a specification of several para-
blem of beat transfer in freezing soils meters like size and arrangement of
was demonstrated by several authors. freeze pipes, capacity of the ref rigera-

tion system and elapsed time for freezing
In this paper results of a research a certain soil volume. The calculations

project are presented which is related are usually performed with simplified
to the development and use of soil freez thermodynamic models, considering only
ing system for special conditions such homogeneous soils, idealized freeze pipe
as inhomogeneous soil and rock structure arrangements, and constant surrounding
with different thermal properties and temperature.
unequal locations of freeze pipes.

Dealing with deep frost shafts
To investigate these problems a there is a need of sophisticated thermal

basic FEM-program was extended under investigations to build save and econo-
following aspects: mic frozen soil structures. Especially

if significant freeze pipe dislocations
- use of models of proved accuracy exist and no temperature measurements
for the transient heat transfer in of that area will be available detailed
soils, the temperature dependent investigations are performed to predict
thermal properties, and the release the propagation of the isothermal lines
of latent heat of freeze temperatures. In a layered

- deelopentof tchniuesto mdel soil it is essential to know the time
th developmen of thnes toez symoe when the volume required for stability
thpenhvort ftefeeesse is frozen in each layer in order to de-

compoentstermine a' suitable time scheme for shaft

- description of the interaction bet- sinking.
ween soil freezing system and the
the thermal regime in soils. Basis of a mathematical model is

the linking between the performance of
Calculated results are presented andi refrigeration system as mounted at the

discussed. construction site including real freeze
pipe locations and the thermal regime in
different type of soils.
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The intention of this paper is to type III prescribed flux (e.g. influeme
present a F124 model suited for these pro- of extraction machines)
blems due to the implementation of re-
fined boundary conditions. Furthermore q = q (x,y,t) (5)
results of inestigations on deep shafts
are given and discussed showing the in- type IV linear heat transfer (e.g.
fluence of the real layout of the refri- forced convection)
geration system and layered ground on
the propagation of the frozen .one. q - b(T (x,y,t) - T (x,y,t)) (6)

GOVERNINC EQUATIONS type V nonlinear heat transfer (e.g.

radiation)

Transient Heat Conduction in Soils 4 - 4q = c (T4(x,y,t)T 4(x,y,t)) (7)

Providing heat transfer by conduct-
ion in water saturated soils the follow- Initial condition
ing equations govern the nonlinear pro-
blem of transient heat conduction in non- To = T (x,y) (8)
homogeneous and anisotropic soils (Carslaw 0 0

and Jaeger 1959): Performance of a Mechanical Refrigeration
System

S T )+ - T(k 3T (1)
- (k.x -3y (ky at c - Boundary condition of type IV is

used if the soil is cooled by a mechani-
kxty - kxy (x,y,T ,w (T)) cal refrigeration system with a pumped

loop secondary coolant because the heat

c - c (x,y,T,wu  T)) transfer from the soil to the circulating

bnne is governed by forced convection
k - thermal conductivity (Plank 1952, Frivik and Thorbergsen 1980,
c - volumetric heat capacity Jessberger and Makowski 1981). Relating
w - unfrozen water content to a unit surface area of a freeze pipe
u the flux q is
Continuity at the moving boundary

between the two phases of water A and B q o.iT (TS - TF) (9)
is given by:

aT - heat transfer coefficient at

3Tf Tf the freeze pipe wall
f _ ~ f T dx

axA  L wu CT) - TS - soil temperature at the freeze
(2) pipe wall

T f T CT) T - fluid temperature (brine tem-.-. LP d wu (T
ay A dYB dt perature)

T f T f(T) Due to conservation of energy this
flux together with an additional flux by

T - freeze temperature losses in the main line has to be trans-
L latent heat of fusion fered to the refrigerant at temperature

TR in the evaporator
R A

On the boundary curve of the region q at' (T' -T) (10)
of interest following conditions can be T A F R
specified

a' - heat transfer coefficient at
type I prescribed temperature (e.g. T the evaporator wall

soil surface temperatures) Tv - modified brine temperature

Fx3due to losses in the main
T (xyt) (3)lines

type II no flux across the surface TR  - evaporator temperatures

A - area of evaporator
T , aT (4) A - area of freeze pipe

ox ay p
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The related capacity Q e/A of the Extending and modifiing some ideas
refrigeration system is not constant but of Frivik and Thorbergsen (1980) the
strongly influenced by the evaporation basis of the model of the heat remove by
temperature a mechanical refrigeration system is a

Qe combined heat conduction and convectionq =-( = f(T 11) system. Initial step is the estimation of
p the brine temperature T t . With this tem-

perature and the convective boundary con-
The temperatures T0 (t), TF (t), dition (9) the thermal regime including

and therefore Ts (t) wifl drop in a way TSt at the freeze pipe surface after one
that the corresponding flux will always time step At is calculated. With TFt and
be balanced by the related refrigeration TSt the heat flux qt is given. Providing
capacity. conservation of energy qt has to be balan-

ced by the related refrigeration capacity.
The heat transfer coefficients are With the capacity curve over evaporating

influenced by the temperature and the temperature a new TFt+At is evaluated.
velocity v of the brine

Both the modelling of the perfor-

T" 'T = ( T' 'T (TF,R, v) (12) mance of the refrigeration system and the
temperature change in soils requiressuffi-
cient small tme steps. Automatic time-step

FEM-FORMULATION adjustement can therefore reduce compu-
ter time.

Description of the Model
To calculate the formation of the

The complete set of equations (1) frozen zone in a cross-section perpendi-
to (12) cannot be solved by analytical cular to the freeze pipes a special sub-
methods. But the FEM can be applied to routine is implemented with the capabili-
these transient heat transfer problems ty to prescribe a convective boundary
involving a change of phase (Lewis, Mor- condition at a node in the interiour of
gan and Schrefler 1981). the net. At this node brine temperature,

freeze pipe diameter, and heat transfer
To model the heat transfer in arti- coefficient can be defined separately.

ficially frozen soils the development of The solution of the total system will
some new techniques is required. In a give the soil temperature at the outer
FEM code special subroutines for the surface of the freeze pipe at this node.
freezing process, the change of soil pro-
perties, and the simulation of the mecha- Simulation Test
nical refrigeration system are to be im-
plemented (Frivik 1980, Jessberger and The analytical solution of Neumann
Makowski 1981). is chosen to control the correspondance

of the FIM-model for freezing processesModelling the phase transition has

been successfully performed by the heat in soils with an exact solution. Figure 1

accumulation technique as well as by the shows the change of temperature over time

apparent specific heat. Both methods in a depth of 15 cm below soil surface.

give acceptable results. The change of In Figure 2 the propagation of the frost
line into the ground calculated by Neumannthermal properties of soils requires and the FEM is demonstrated. It is obvious

special FEM-techniques, because new eLe- that the FEM-results are more influenced
ment properties have to be evaluated
when the freeze line divides an element by the chosen time step than by the time-in prtsof iffren prperies A pe- iteration method. The oscillations are
in parts of different properties. A spe- less evident for small time-steps.
cial average procedure is implemented.
The temperat,,re change in time direction The capability of the model to cal-
is calculated by the Crank-Nicholson- culate the thermal regime in artificially
method or by a two-time-step interpola- culae the t a reg in artcal
tion function according to Galerkin. The frozen soils is proved with a frost shaft
thermal regimes computed by both methods project. For several different soil layers
are close to each other though the Crank- the temperature change in the soil was
Nicholson method tends more to oscillat- calculated taking into account the real
ion if the soil properties are changed freeze pipe positions. The accordance ofin ithe ensl pcalculated results and measurements wasin the elements, good as Hegemann (1981) reported.
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+21 -At=3,6h .o3Atl,8h AAtO0,9h

0 0 60 80 100 120 140 t[h

EUMANN SOJLUTION
-2 -__-3ALEP KIN (TWO-STEP-

III METHOD)

-4---- -~---~-RANK-NICHOLSON

T[OC]
Fig. 1: Simulation test of the FEM code against the exact solution of

Neumann - temperature vs. time in a sand underground (depth 15 cm,
soil surface temperature -10*C, initial temperature +2*C)

THICKNESS OF
FROZEN LAYER [m]

Q4___

Q2 - \I -EUMANN-SOLUTIO -

3ALER<IN(TW0-STEP-

-__RAN :-N IC OLSO _

Fig. 2: Simulation test of the FEM code against the exact solution of
Neumann - propagation of the frozen soil layer
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APPLICATION be expected. This causes a vertical heat
transfer.To investigate to what extend

The developed FEM code is applied this vertical heat transfer affects the
to the systematical investigation of the horizontal one, the temperature change
influence of different factors on the around a single freeze pipe is calculated
time dependent frost wall thickness of a for different underground conditions:
frost shaft. These factors are

- changes of circulating velocity - propagation of the frozen zone
and refrigeration capacity in a pure sand or clay

- dislocations of freez( pipes - propagation in a clay layer of a
- layered ground thickness of 5.5 m, embedded in

sand and a sand layer of the same

- influence of the extraction thickness embedded in clay
sequence. - propagation in a clay or sand

layer, 2.75 m] thick embedded in
In this paper some results are pre- sanr clay

sented demonstrating the differing in- sand or clay

fluences of freeze pipe positions and
the vertical heat transfer between layer s
of different soil types. CLAY

Influence of Vertical Heat Transfer

In most cases it is reasonable to %50
assume that the underground consists of 4. -
horizontal layers of different materials.
In order to know the horizontal propaga-
tion of the frozen zone selected layers CLAY r"r ......
with distinct thermal properties are 0 /1
usually investigated by separate horizon-
tal FEM calculations. Then in successive
layers different propagation speeds can Fig. 4: Thermal regimes of layers with

different thermal properties

THICKNESS OF
FROZEN ZONE ml

15

SAND -LAY- cxo

- - AND AYER CLAY L ER 550m

St k t t-[dl

Fig. 3: Influence of vertical heat transfer between horizontal layers of
different thermal properties - propagation of the frozen volume
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relevant mater;al properties are steps as isothermal lines. They illustrate
k /k- (W/mK) c /C (KJ/m3K) the shape of the frozen zone in the areau fof the deviation and allow the determina-

sand 2.0/3.5 2720/1883 tion of the maximum and minimum thickness
clay 1.5/2.0 2885/2092 of the frozen volume in that area. Figure

6 also illustrates the results of case I
Figure 3 displays the results. It in comparison with the ideal configura-

shows that the horizontal heat transferin acla orsan laer o a hicnes of tioi. Figures 7a to 7c displays the cha-
in a clay or sand layer of a thickness of racteristic shape of the frozen zone. It
5.5 m is not influenced by the higher or is obvious that this case is the most
lower propagation speed in the sand or difficult one. Though two freeze pipes
clay layers. The situation changes in alayer with a thickness of 2.75 m. In this are working together at a close distance
layer ithe pragthinpeess ofi.7n thi the maximum volume do not differ compared
case the propagation speed in the embed-idapoton.Btherpg-

to the ideal positions. But the propaga-ded soil is equalized to that of a sur- to pe ftemnmmvlm smc
rouningtypeof ateral.tion speed of the minimum volume is much

lower. The elapsed time of closing doubl-
ed and after 100 days of freezing the

The transition of a specific thermal ii foevluesonhaffte

regime of a layer to that of another one

is limited to narrow zones close to the a
boundary of the two layers. It is illus- a FREEZE-PIP
trated by the isothermal lines in Figure + LOCATION - ,
4.

FROZEN SOIL.

Influence of Freeze Pipe Positions

To investigate the influence of x .)(AVATION
freeze pipe deviation it is necessary to A
integrate the random dislocations in a ,.
layer to some basic cases:

case I deviation of one pipe on
the freeze pipe cercle 4.00----

case II deviation of one pipe per-
pendicular to the freeze b 71
pipe cercle " /

case III deviation of two freeze '-
pipes perpendicular to the
freeze pipe cercle but each

in opposite directions.

The development of the frozen zone

in a layer of silt (ku/kf = 1.6/2.35 W/mK,

cu/cf = 2800/1925Kj'm3K) is calculated
for ideal freeze pipe positions on a -

cercle with a freeze pipe distance of

d = 1.35 m in order to compare these re- c - /
sults with those for other positions. "
Figures 5a to 5c demonstrate the
shape of the frozen zone by isothermal

lines. The development of the frozen
volume over time is shown by Figure 6. In
this case the propagation of the minimum

frozen volume between two freeze pipes .

starts after closing and continues with "
higher speeds till the maximum and mini- -

mum frozen volumes are equalized after
about twice the elapsed time of closing. Fig. 5: Isothermal lines for ideal freeze

pipe positions after a) 40 b) 80
The thermal regimes of the various c) 120 davs of freezing

freeze pipe positions investigated were
plotted after specified numbers of time
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THICKNESS OF THICKNESS OF
FROZEN ZONE (m) FROZEN ZONE 1m)

5.0 d+us..
M AXIMUM AII d.
THICKNESS MAXs.ITIMUMS .7d
INIMUMJ L--MNIU

THICKNESS La HCNES d4-
3,0 *IDEAL FREiEZE-A4PE 3.0 0 IDEAL FREEZE -PIPE---

POSITION PSTO

in~t d t [d) _ _ _ _ _ _ _ _ _ _ _ _

20 .0 60 s0 100 12 0 20 4.0 60 80 100 120
Fig. 6: Comparison between the propagation Fig. 8: Comparison between the propagation

of the frozen volume fo-t dislocat- of the frozen volume for dislocat-
ed pipes of case I and for ideal ed pipes of case II and for ideal
pipe positions pipe positions

a a
*FREEZE-IPE a / FREEZE -PIPE '

LOCATION +LOCATION *

FROZEN SOILFRZNSI

EXAVATION Z VTO

4. 00 4._00

b 4 b

a/ /

Fig. 7. Isothermal lines for dislocated Fig. 9: Isothermal lines for dislocated
pipes of case I after a) 40 b) 80 pipes of case II after a) 40 b) 80
c) 120 days of freezing c) 120 days of freezing
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THICKNESS OF volume for the ideal positions. An exten-
FROZEN ZONEmI sion of the freeze pipe distance to 1.5d,

1.75 d or 2.0 d does not change the

5.0 -MAXMUM Ql7d a minimum volume versus time curve signi-

I 75- d -ficantly.--- M INIMUM 1.25do
THICKNESS #d -

3. . The results of case II are displayed
OSITION in Figure 8 and Figure 9a to 9c. The re-

sults are nearly independent of the di-
rection and of the distance of the de-

J/r "viation. The initial higher difference
I" between the maximum and the minimum vol-

t[d] ume disappears after about four times the
0 20 40 60 80 100 120 elapsed time of closing. Then the frozen
Fig. 10: Comparison between the propaga- volume is equalized to the ideal case.

tion of the frozen volume for Considering larger freezing times case II
dislocated pipes of case III and does not cause serious problems.

for ideal pipe positions
a The results of case III Figure 10
+ FRrEZE .. , ., and Figures Ila to lc show an interesting

LOA1ON,\ tendency. While the development of the

-R," / minimum volume starts in the same way as
,"RP SOILin case I, the propagation accelerates

-A and after 120 days of freezing the maxi-
SHAFT mum and minimum volume is at least as
EXAVATION - large as the volume related to the ideal

case. Concentrating on freeze shafts the
consequence is that by a regular devia-

' ..-.... tion of freeze pipes in opposite direc-
S"_ " tions the development of the frozen zone

0_ _ 4 is positively influenced.

7.00 CONCLUSION

b I For some freeze projects as deep

frozen shafts there is a need of more
realistic calculations of the propaga-
tion of the frozen zone and the energy

consumption.

Basis is the linking between the
thermal regime in soils and the refrige-
ration system. In this paper the main

I features of a FE2 program capable of
modelling this linkage are given.

c .The FEM program was used to investi-
-•', gate the influence of vertical heat trans-

/ fer between soil layers of different
thermal properties. The results presented
show that depending on the thickness of

% the layer vertical heat transfer can
affect horizontal heat transfer. A second

- investigation of the influence of freeze
pipe deviations on the development of
the frozen zone is reported. While the
deviation of two pipes perpendicular to

. Zthe freeze circle each in opposite direc-
Fig. 11: Isothermal lines for dislocated tions influences the development of the

pipes of case III after a) 40 frozen volume positively a deviation of
b) 80 c) 120 days of freezing a freeze pipe on the freeze pipe cercle

delays the development of a required
thic ness of the frozen volume.
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THERMOMECHANICAL ENTHALPY MODEL
FOR GROUND FREEZING DESIGN

Y.A.Kronik
Branch Research Laboratory
for Engineering Cryopedology
in Power Plant Construction,
Kuibyshev Civil Engineering
Institute, Moscow, USSR

Abstract. The paper deals tied in ranges of characteristic
with research conducted during temperatures established experi-
1978-80 in the Engineering Cryo- mentally.
pedology Laboratory of the Kui- The model has been checked by
byshev Institute under the gene- the finite-element method in cal-
ral supervision of Prof.N.A.Tay- culations and the thermal stres-
tovich, Corresponding Member of sed-strained state of soils.
the US.R Academy of Sciences.
Existing enthalpy models of grou-
nd freezing, proposed by Djuzin- The extensive application of
ber, Buchko and Plotnikov are ground freezing techniques in in-
analyzed. Their shortcomings do dustrial, mining and water-deve-
not permit calculations of temp.- lopment construction requires
rature conditions to be carried further improvements in the pro-
out for artificial ground freez- cedures used for calculations of
ing, taking into account the al- the thermal and mechanical pro-
ternating initial fields of tem- cesses that are developed simul-
peratures and stresses when up- taneously in the freezing soil
-to-date low-temperature cooling. and are aorrelated into a sinle
media are applied. thermomechanical process E1,2J.

A new method of ground freez- Until recent years, predictions
ing design is proposed, based on of thermal and mechanical proces-
the author's thermomechanical en sea in engineering practice were
thalpy model E3, 8 ]. It takes made separately, as a rule, with-
into consideration the phase out taking their effects on each
transitions throughout the range other into account. Papers [1,33
of soi)l temperature variation, proposed the development of a
from absolute zero to any plus trend in thermomechanics of soila
temperature. This new physicoma- rock and cryogenic processes that
thematical model is based on ex- would enable thermal, mechanical
perimental data and, in a first and thermomass transfer processes
approximation, takes into ac- to be dealt with simultaneously.
count the mechanical and physico- The basic equations of soil
chemical processes, the initial thermomechanica include equations
state and variability of soil of soil mechanics and thermophy-
characteristics depending upon sics, whereas in the more general
changes in their temperatures formulation of nonlinear thermo-
and stressed-strained states.The mechanics theory, equations of
model includes four zones of thermodynamics and thermomass
freezing soil, which are speci- transfer are also included. Up to
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the present time, changes in the 2.Plotnikov's model does not
mechanical ana physical stal es of postulate any relations between
the freezing soil were neglected mechanical (pressurecompaction,
in soiving thermal and thermobass etc.) and physicochemical proces-
transfer problems. The present sea, and the physicomechanical
paper deals with the new thermo- characteristics of real soils.
mechanical enthalpy model propo- This disagrees with the principle
sed by the author [8,9 of a of the equilibrium state of pore
freezing and thawing soil, taking water and ice in frozen soils
these changes i:.to account in a that was established by Taytovich
first approximation. 7, 9 1. The model does not take

In solving thermal and thermo- into account the effect of the
mechanical problems as applied actual (natural) physical state
to a heterogeneous multiple-cow- of the soils with respect to
ponent soil medium with phase moisture content and density. It
transitions of the pore moisture cannot, therefore, be applied to
taken into account, the most in- all kinds of soils (including sa-
teresting results, especially line, overcompacted and other
for complex, two- and three-di- soils).
mensional problems, have been ob- 3. The introduction of the
tained in employing enthalpy me- concept of a "conditional enthal-
thods and enthalpy models of py of the soil C 5 I, varying
frozen, freezing and thawing from zero at the temperature
soils [4 through 8). In his pa- -50C and lower to an indefinite
per Plotnikov deals with the en- quantity at 4500C is extremely
thalpy models of Djusinber. Buck- arbitrary and insufficiently sub-
ster and Buchko. Plotnikov analy- stantiated. This concept intro-
zes their merits and the short- duces much indefiniteness into
comings that do not permit them calculations and prectically ex-
to be applied to solve many prac- cludes the treatment of a large
tical problems of soil thermophy- class of thermal problems in
sics, and proposes a new enthal- which the temperatures varies be-
py model (Fig.IA). But Plotni- low -500C (for example, in arti-
kov's model, notwithstanding all ficial ground freezing by means
its advantages over the enthalpy of liquid nitrogen, liquid oxygen,
models of the other authorsalso air cooled to -100°C, etc.) or
has certain shortcomings that do above #500 C.
not allow it to be efficiently 4. The specification of con-
applied in many problems of soil stant values for the volumetric
thermophysics,especially those heat capacity Cj and thermal con-
involving thermomechanics and ar- ductivity coefficient A for fro-
tificial ground freezing. The zen soil, beginning with the tem-
most important of these disadvan- perature at the end of freezing
tages are the following: for the free moisture (or the be-

1. As in those pf previous ginning of freezing of the bound
authors, the enthalpy model of moisture Ofree' -0.0OC"const,
Plotnikov E 5 1 , rigidly speci- which is also extremely arbitra-
fliea a constant temperature for ry and does not comply with the
soil freezing and thawing, equal facts) and lower introduces defi-
to O.0C. This presents mathema- nite errors into thermal calcula-
tical difficulties in calculati- tions. This is especially true
one by numerical methods (preci- for peaty, clay, course-grained
sely at the freezing pointtwhich and saline soils, for which the
is equal to zero). What is most difference between A¥j and A n
important, the model does not may reach an average of 30 to-
agree with the actual values of 400, and a maximum of 50 to 90%.
soil and pore moisture freezing This is all the more so because,
temperatures, the pore moisture according to experimental data,
always being, in essence, a soil the values of A and C at the soil
solution In the pores, of varied temperature -0.30 C are closer to
(though low) concentration E6,7 their values In the unfrozen
and others]. state (AU and CU) than those
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in the frozen state (A F and CF). the beginning of freezing (crys-
There are also other shortcom- tallization) of the pore solution

ings that introduce definite or- (equivalent to the temperature

rors and a lack of clarity in 8pe corresponding to the given equi-

cifying design characteristics, librium concentration L G- K* of
in calculations and analysis of the pore solution), to the tempe-

the dynamics of the temperature rature 9 fofi at the end of the

fields, in determining the actual freezing-out of clean fresh ice
Interfaces between the frozenqun- from the solutions This corres-
frozen freezing and thawing ponds, for example, to about -8

0C

soils ?it is not clear, for in- for the pore solutions of soils
stance, what value to take for in maritime regions and for sea-

Chase; there are errors in des- water.
c ibig the enthalpy in the free- Zone III is the zone of freez-
zing zone of the free moisture; ing (thawing) of bound pore water
the amount of bound water corres- or the zone of freezing (thawing)
ponding to the plastic limit Wp soil, pith a temperature range
is incorrectly specified; etc.). from Ubfb to the temperature O.F

In connection with the afore- of the practically frozen state
said, the author has developed of the soil (according to Tsyto-
(1977-79) a new, more refined en- vich), which is close to the com-
thalpy model of freezing,thawing plete freezing of the loosely
and frozen soils [ 8,9 J, which bound moisture, when the amount
takes into account, in a first of unfrozen water wU is extremely
approximation, the mechanical and close to the amount of adsorbed
physicochemical processes, the water wad, also corresponding to
physicomechanical state and the the undissolved volume wudv of
variability of the characteris- pore moisture in saline soils.
tics of soils depending upon the Zone IV is the zone of prac-
changes in their temperature and tically frozen soil at'a tempera-
stressed-strained state. For this ture of 8 and lower.
reason he has called it a thermo- In contlast to the enthalpy
mechanical enthalpy model (Fig. models of other authors, in the
1B). proposed model the temperature

The proposed model includes Obf of the beginning of freezing
four zones (k-g.1B) with the cor- of the soils (and the correspond-
responding temperature renges in ing temperature of the beginning
which the thermophydical and of phase transitions of the free
thermodynamic parameters of the soil moisture), as well as the
soil vary" ic ording to definite temperature 8 bfb of the begin-
laws. - ning of freezing of the bound

Zone I is the zone of unfrozen moisture and that 9 y of the
and supercooled (below o.o0 C) practically frozen state are not
soil in a temperature range from constants, equal to zero and to
a plus value # Ssol to the tem- -.0°C for all soils (as proposed
perature 8bf of the beginning of by Buchkog Plotnikov and others),
freezing, corresponding to the but are variable quantities, in
temperature at which the free the general case, depending upon
pore moisture in the large pores the kind of soil, its state with
begins to freeze. respect to the moisture content

Zone II is the freezing (thaw- and density (unit mass of dry
ing) zone for the free pore water soill d), applied pressure g
(mainly in the large pores) or pore solution concentration Kp8
the zone of maximal phase transi- and soil freezing (thawing) rate
tions in the freezing (thawing) Vfhd Bsoil/dt (or the ambient
soils with a temperature r n temperature 9 air):
from Obf to the temperature f N
of the beginning of freezing of B bf-fEA - 4)Etype of soil
the bound water. For saline soils i
this zone is characterized by a (plascity Index I, P )
temperature range from 8 bfps ,  1d(w)96 # Kps(z)w~wudv) Vf(9;!r)

(1)
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N' tal data enabled a general law to
Dbfb=4  ] = '[type of soil be established for practicallyib all kinds of soils# concerning

(plasticity index Ip, Pc), the effects of the densitiesy

rd(W),(5ps(siwoWudv)8 Bsoil and I on the freezing tempera-
(2) ture bf (Fig.2a and ) as well

as the dependence of Obf on the
" " normal pressure 0 (Table 2 and

O,= ([A] = ['Ytype of soil Fig.2), which is especially ap-
i preciable for overoompacted soils.

(plasticity index In Pc), The aforesaid enabled the author
%d , Kps(ziWWudV3) 8 soil. to classify the soils in their

(3) thermomechanical aspect into four
classes with respect to den ity

It is advisable to determine and unit mass of dry soil d as
the specific values of Sbf di- follows: loose (1.0 to 1.49
rectly by experiments in freezing g/cm3 ), dense (1.50 to 1.79
and thawing real soils under cou- g/cm3 ), overcompacted ( id 1.80
ditions as close as possible to g/cm3 ) and extremely loose soils
natural ones (or in field experi- with fd < 1 g/cm , which include
ments). These experiments should weak and organomineral soils,
be performed at a given state peat-bog soils and peats. The ap-
with respect to moisture content, plication of a load above 2kg/cm 2

density and concentration, under transforms loose soils i to dense
a given load (or without any),at ones, and above 10 kg/cm , into
natural freezing rates and tempe- overcompacted soils. In the lat-
ratures of the cooling medium,all ter, the effect of the type of
of which are made use of in the clayey soil is reduced, forces of
specific thermal calculations. intermolecular interaction of the
6imilar experiments are conducted clay particles are manifested and
to determine 8 bfb, but at a soil strong condensation-cementation
moisture content equal to the ma- structures are formed. Here, for
ximum molecular moisture capaci- example, the freezing temperature
ty w which more closely cor- for Beskudnko-. loam is lowered.

p to the bound moisture according to data of Bozhenova[61
content than the quantity w .This (see Table 2 and Fig.2b), by a
has been confirmed by data gbtar- factor of more than 20 (down to
ed in numerous experiments E 6,7 8 bff -1.20C). For overcompacted
10 and others 3 . If the required soils, the effect of an increase
experimental data are not avail- in density and pressure on the
able, it is advisable for appro- freezing temperature Bbf can be
ximate engineering calculations tentatively taken into account
to apply the refetence values of (with a certain margin) in calcu-

bf, 8 bfb and U F listed in lations using the proposed model
Table 1. These data have been according to the data listed in
compiled on the basis of experi- Table 3.
mental research of the author and For more exact solutions, the
other investigators 181 7V,9 ,10 values of Bbf, when the soil is
and others3 over a period of ma- under pressure, should be deter-
ny years. It should be noted that mined by experiments. It should
the data of Table 1 correspond to be pointed out that these values
reference freezing (thawing) tem- of Bbf,obtained by Bozhenova,Aki-
peratures for soils not subject mov and the author (see Table 2)
to load and for typical (average) comply with a general law (Fig.2a
soil freezing rates. Therefore, and b),but substantially differ
they provide a definite margin in from the known theoretical laws
engineering calculations toward of Bridgman-Tamman (for ice),
somewhat increased values (a ma- Clausius-Clapeyron and Thomson.
ximum of 0.3 to 0.50 C) at high The coupling factors ks = Bbf/1
cooling rates and low cooling me- obtained in the above-mentioned
dium temperatures (below -30 C). experiments vary from 0.2 to 13,

An analysis of the experimen-
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which is 1,2 or more orders of thalpy at the boundary between
magnitude greater than the known zones I and II (at point 8 bf)*
theoretical values and calls for If the reference point for the
a more detailed investigation increase in enthalpy s 00C ( 9O=
and analysis. OC orTj-273.15 K)K9AU -AT-

For the proposed modelthe msoil-0=a soil and the value
theruophysical ( .,C) and thermo- of the enthalpy in zone I (more
dynamic (enthalpy H-f(S )) para- exactlysthe increase in enthalpy)
meters vary,as shown in Fig.1B, is equal to
in the following manner:

Zone I - unfrozen soil. The
volumetric heat capacity and AM-Rj-Cr (5m)
thermal conductivity coefficient
are taken to be constant and in which case the enthalpy in the
equal to the values for unfrozen region of minus temperatures (in
soil: CU and .1 U. If it is ne- oC) takes on negativa values,
cessary to investigate a wide whereas at point U -Ooc, HO0O.
range and high plus temperatures, Zone II - freezing (thawng)
the functional dependence of CU of the free water. CI1 and A
and I on the temperature can be are taken to be vari le quanti-
taken Yrom data established ex- tiesdeApendinj on the soil tempe-
perimentally. Design values for raure asoil 8 bf 8 - 8 soil'f
CU and 1 U for typical soils can Ubfb):
be taken approximately, when di-
rect experimental data are un-
available,from building stan-
dards E ll ]; for coarse-grained C, - C, (0) = C,. .() + c =: 3 C, -

and saline soils,such data can
be taken from the papers E12,15]. (CT-C.) (0.-O ) P WI/ - It, ,

Enthalpy values (or,more exactly, - .
increases in enthalpy A HHsOIl ' e - e . 6
from * 8 soil to 9 hf in this zone where Cef(B ) is the effective
( 9 - B so 1'7 - bf -are determined heat capacity,including the
(expressing 0 in oc) by the equa- heat capacity CUy(O ) of the
tion freezing (thawii4) soil and the

latent heat C hase of phase
9-0,+ 273,13transitionsjis the latent

H -, f n) + H.heat of crygallization of the
(4) free water (latent heat of mel-

ting of ice),wt is the total
or expressed in the absolute tem- moisture content of the soil,
perature scale (B BT in kelvins): Wb is the moisture content cor-

responding to bound water,and
* - approximately equal to Wmmmco

1/ f C,(T)dT+Hi(T M (5''" -"(A "k1 to X - . .., 0,.)

At C(8 )-C -const and taking into X (O) = X'- .. o , (7)
consideraton the fact that inC O

is a negative quantity we obtain Here the ratio A F/AU can al-
the same equation for b in °C so be less than unity,this being
and in kelvin, (K): typical for low-moisture content

and overcompacted soils E18 and
others 3 .

RMSCyE9,-"-6K9,t i -sf. Nq (4') The value of the enthalpy in
T'r, ILI-r- ' zone II (with 5 expressed in 0C)

or is deterqined by the equation

C4.C,(T,-Tj.s)• + 1 ' Cr,T* +R (5) - 0,..,+ 73.15

where lII is the value of the en- H -L f C2 ,(6)d +H, 1. (8)
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or in the absolute temperature (14)
scale (with 9 - T in kelvins): C .y3 C-t9) = CC.I_'Cv- cost (

XV = X,(0) Xe . - Const, (15)

0- To.s  
0 - .1 5' = f C', (0) dO

I4a= jCi1 (T)dT+ 1  (8') , f ,(O.d
ST 0- -73.15

After substituting the value of f CdO - C,(8,+27325). (16)
Cf and integration from 

8 bf to

o Bl(B ),we obtain in the gene- or,in the absolute temperature
ral 1orm at 8 bfb< 8 8 soil-ebf: scale:_G,Tq STiM

H , .. ,,- od+ "rw- J C. dr) d2 j . dT

.. (9) e CM(T-0) CM'TM. (16')
0 6.C (9) Thus,the solution of the Ste-

Taking into account the fact fan problem for a four-zone ar-
that ( 8 bf- soil)_<l and the s- rangement of freezing (thawing)
cond order of smallneses,the se- soil is reduced,in principle, to
cond term can be neglected. Then the solution of a single-layer
we obtain problem, in which the enthalpy

varies continuously from absolute
NO-C., (8.b - Br)+ zero to a plus temperature accor-

tfa.. i- 41) ding to the law:+YY..(w=-.,pb (48.0a,, +  (9')

For the whole zone II ( Obfbr*94 9 =C T,
8 bf) we obtain H(B) l I=C, T 5 f (T)dT--1=1

H 11 = C . 0 ., - 0 . p (/ "i ') - + H m . ( 1 0 ) e - .7

Zone III - freezing (thawing) + f C 1{(T)dT-C.1, (17)
soil and the freezing (thawing) =T-(
of the bojpnd water (Bbf . whereas the second-order diffe-
=Bsoil4 UF); correspondingly: rential equation (3) is reduced

to a simpler equation of the
thermal conductivity in enthalpy

- =C form:
-- dio(G\grad T). (18)

(C C. 6 'C, at in the particular case when
O..3 - b1OC,the model proposed by the

aunhor becomes the approximate

AM  A' (a) =X + , (12) enthalpy model of Buchko E6],
OH..-9,., which is valid for the case of

freezing spndy s2il at constant

,+ , values off A,CF,AU and CU, with

__'_______-~ 4")7 aThe thermomechanical enthalpy+C-.g. (13) model described above was tested
20H.- )%1) (13) in calculations of transient ten-!- 2(.. 8.} e. aB-

After substituting the value perature conditions for a frozen
of Cef(B )into equation (13) and dam, making use of the finite-ele-
integrating,we obtain ment method. This demonstrated

its quite satisfactory usefulness
for solving complex problems of
the thermophysics and thermome-

U.IJMCM(k-80+ )chanics of frozen soils. This mo-

_(C_-CIA)_ _.C) t a of del can also find efficient ap-2 -B) L rde (13' plication in calculations for de-
signing artificial ground freez-

Zone IV - practically frozen ing in shaft and underground con-
soil. Here struction practice, especially
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Table 2

Unit mass of dry soil Freezing temperature of overcompacted soils

g/cm3  subject to pressure N MPa
d 0 0.1 to I I to 2 2 to 6

1,80 -0,15-0,7 -1,0 -1,3 -1,7

2,00 -1,0 -1,3 -2,0 -4,0

2,20 -1,6 -2,0 -4,0

2,30 -2,0 -4,0

2,40 -4,0



THERMAL ANALYSIS OF THE POSITION OF THE
FREEZING FRONT AROUND AN LNG IN-GROUND
STORAGE TANK WITH A HEAT BARRIER

0. Watanabe :Technical Planning Division, Production and
Engineering Dept., Tokyo Gas Co. ,Ltd., Japan

M. Tanaka :Soil Mech. and Found Division, Kajima Inst.
of Construction Technology, Japan.

ABSTRACT

In Japan, there have already been first developed and adopted in the
completed more than 20 LNG in-ground United Kingdom for a frozen hole in-
tanks. It is expected that in the ground storage of LN.G in which the side
future LNG tanks of such a in-ground type wall around the tank is composed of
having great structural safety will be forzen soil completed in 1968 in the
ever-increasingly demanded in this coun- Canvey terminals. At the same time,
try which is very often suffering from Tokyo Gas carried out our own various
earthquakes. analysis and field tests, thus success-

LNG, when stored in-ground, will fully developing a technique applicable
freeze the surrounding ground with its to the in-ground tanks of reinforced
low temperatures (about -160%C). It will concrete.
therefore become necessary to reduce the
influence of the extent of freezing zone 2. Summary of the in-ground LNG
on surrounding structures. For this tanks and heait barriers
purpose, Tokyo Gas Co., Ltd. has develop-
ed a technique of controlling the extent Tokyo Gas has constructed three
of freezing zone by installing a heat types of LIT in-ground tanks as shown
barrier around a in-ground tank, present- in Fig. 11T The type of in-ground tank
ly actually adopting the heat barrier for differes with soil characteristics of
its all tanks. the tank ste, and the method of ground

This report describes our experience water treatment2)3). Type (a) in which
of controlling the extent of the freez- uplift pressure due to the ground water
ing zone by installing heat barriers acts on the underside of the base. In
based on a comparison of the freezing this type, the base slab resists the
conditions of the representative three uplift pressure by its own deadweight or
in-ground tanks after operating the bot- strength. Type (b) in which the base
tom heater with their basic designs. is constructed on an impermeable layer

and, when required, the seeping water is
1. Introduction drained, so that no uplift pressure acts

on the Un~derside of the base. Type (c)
Tokyo Gas started the operation of in which the ground water is cut-off by

its first LNG in-ground tank in 1970, an impermeable layer and a cut-off wall
and has constructed and put into opera- and the seeping water into the cut-off
tion 16 LNG tanks of reinforced concrete. wall is drained so that the uplift pres-
Further, five tanks are now under con- sure on the underside of the base is
struction. We first adopted the heat reduced.
barrier in March, 1978. Since then, all The heat barrier supplies heat from
of our in-ground tanks have been equipped outside to the ground around a tank
with heat barriers. The heat barrier was with a view to controlling the extent of
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freezing zone. There are two types of Ix, ly, 17 :I cosine in normal
heat barriers, which depend on the method direction ot boundary
of heat supply: a warm-water circulation Uig the obr've equations, finite
type and an electric heater type. Tokyo eleaenra arc f~mnd for regions to be
Gas adopts the warm-water circulation
type principally using a double pipe analyze(i further, by usng these finite

typeprinipaly uing doble ipeelements, a balanced equation is esta-i
system as shown in Fig. 2, in which the bleshed and calclaed. Stationarywarm-water from the header pipe flows bihdadcl~ae.Sainr
warm-wter froin ther pipe and flowsh calculation is repetitive calculation
into the inner pipe and flows o ut through of convergence while non-stationary
the outer pipe. The top of each heat calculation is done by Crank-Nicholson
pipe is releasable and it is possible method for the compensation of a non-

to make certain of airtightness of the iinear heat conduction matrix and a heat
system by each block. lna etcnuto arxadaha

flow vector by each integrated time step.

3. Heat conduction analysis by F.E.M. The following input data and bound-
ary couditions ate conceivable.

Up to the present, a number of ap- (1) LNG temperature, and heat transfer
proximate solutions have been proposed (al) in the inside wall of tank by
to obtain the numerical solution of the IM,
termperature distribution in the ground (2) Initial ground temperature, atmo-
around a LNG in-ground tank. For an spheric temperatire, and heat trans-
analysis which takes into account the fer coefficient (U2) at the ground
complicated sectional form, geological surface
formation, boundary conditions, etc., (3) Thermal constant of soil and con-
FEM is considered to be the optimum. A crete (theimal conductivity, specif-
FEM program of heat conduction with ic heat, and latent heat)
latent heat taken into account is out- (4) Hcat transfer coefficient (Q3) of
lined below. The equation of three- the ground far from the tank
dimensional heat conduction given by (5) Temperature of heat barrier and

+- ( T) + 3 )Tbottom heater
5 Y 4-z(k z-) The "heat transfer" mentioned above (1)

+T is an equivalent substitute for heat
+ Q(x,y,z,t) = C- (1) transfer coefficient. This program is

capable of analyzing plane, axial sym-

where T = temperature in arbitrary metry and three-dimensional model.
time ('C)

kx,ky,kz = thermal conductivity in 4. Basic Design of Heat Barrier
the directions of x, y and

z (kcal/mh*C) 4-1. Concept of basic design, and design
Q = internal amount of heat procedure

(kcal/m3h)
C = heat capacity (kcal/m 'C) In designing the heat barrier, the
t = time (h) following items are required to be taken

To obtain boundary conditions, the into consideration.

following formulas are conceivable. (1) Stopping the extent of freezing
Temperature specifying zone at a specific point

boundary T = Ts (2) (2) Economy
(3) Stabilityc

r  
IT %i Pro o einig hHeat boundary kx ix + ky -ly + kz-lz Prior to designing, the thickness

kx z of frozen soil and the shape of the

q (3) frozen qoil must be deteimined as pre-

aT T requisiteF. Therefore, it is necessary
Heat transfer boundary kx-Ix + kyy-ly to determine the following items in the

+ 3T Ty ( basic design of the heat barrier.
+ kz -z = b(Th-T) (4) (1) Distance from tank will (rH)

where Ts = specified temperature (OC) (2) Depth of installation (ZH)

q = amount of heat flow (kcal/m
2h) (3) Interval (.)

h = transfer coefficient (4) Temperature (TH)

(kcal/m 2h 'C) In the designing of the heat bar-
Th = external temperature ('C) tier, a study is performed of various
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cases with the above four items changed symmetry model with the thickness of
by using the FEM program in order to the frozen soil set at 3.0 meters. The
select the optimum case. Fig. 3 shows computation shown in Table 3(b) was
the design procedure. The some items in made on the case that the depth. of the
the procedure are as follows, heat barrier was fixed at 27.6 meters

Theral cnstats:at which the freezing line would not
Whemacntanhetsbrir: sistle extend below the heat barrier as shown

beorWhe an isa putie it operationd in Fig. 10. The computation result is
tefreal cntants mut bet deterinb as described below.
atfrmla cofstismtonorteonithe bi Fig.ll shows a relationship between
ofan actmulal rfesulmtion ohr ontankss the interval of heat pipe and the heater

Whan te eaut barrier istonkbe temperature. Fig. 12 shows a relation-
insaled ater he ankie is pto int ship between the Interval and i L (Lmax-

operation, sutablte thali containts L min). From this computation results,
theaton basicbl program wasmaesfrahetes

can be selected on the basis of a com- thbaiprgmwsmdefrhee-

parison between the change with time of son of examination that follows.

the progress of the freezing line esti- (1) The heat barrier was set close to
mated from the thermocouple readings and the freezing line at a position
a result of heat computation by FEM. 4 meters away from the outside wall

Depth of installation: of the tank.

The depth in which frozen soil not (2) The depth of heat barrier might be
extedin beow te hat arrir i toabout CI,-28 meters but was set at

betendn belo thae hetud bare s to GL-30 meters considering heat bar-

beg fo.n bytecaesuy ssow nr installation accuracy and
Fig. 4.computation error.

Interval between two heat pipes: (3) The interval was set at 4 meters in
The interval in which the freezing order to reduce the difference (AL)

line to be determined must not exceed at between the freezing lines to less
least the circle of the heat pipe at the than about 10 percent of the over-
midway of the heat pipe as shown in Fig. all thickness of frozen soil.
5. (4) The temperature was set at about

25*C from the computation result.
4-2. Example of basic design

5. Comparison calculated value with
Fig. 6 shows the capacities of measured value of freezing front

95,000 kl LNG in-ground storage tank line after the operation of heat
which is examples of basic design. As barrier
the prerequisite of the design, the
thickness of the frozen soil was set at The summary of the heat barriers in
about 3.0 meters. The details of the these three cases are as shown in Table
computation are as follows. 4. Either tank has a bottom heater

Fig. 7 shows a calculation model. and the basic design of the heat barrier
Fig. 8 is a partitioned element diagram, was performed after the tank was put
Table 2 gives thermal constants. The into operation.
thermal constants of the soil were deter- Case I is the tank described in the
mined by the formula of estimation 1) example of basic design. The calcula-
while referring to soil test results. tion model, the thermal consL. ts and
A comparison was made between a change capacity of the tank of Case 11 are the
with time of the 00 C line calculated by same as those of the tank of Case I, and
using this thermal constants and a the tank of Case III differs in capacity,
change with time of the 00C line estimat- type of construction and ground. Fig.13
ed from the thermocouple readings. The shows the calculation model and the
result of this comparison is shown in thermal constants.
Fig.9. The 0 C line estimated from the Case I (Setting the heat barrier at 4m)
thermocouple readings, as shown, agreesFi.1shwtedsrbuonf
comparatively well with the calculated freing. lie. Fg.4 shows the charbuingef

value although it shows a slightly faster wt ieo h freezing line. Fg 5sostecag

tendency. Using this thermal constant, w thtie calulthed vauezn agreesc.

therefore, the computation shown in Table paratively well with the measured value
3 was carried out. The heater tempera- as shown in Figs. 14 and 15.
ture shown in Table 3(a) is a value
obtained from thermal analysis of axial Case lT.(Setting the heat barrier at 3m)

179



Fig. lb shows the distribution of ground storage." March, 1979
freezing line. Fig.17 shows the change 2)S o ,"CvlEgneigPspc

withtim of he reezng ine.Thefor Stockpile and Transport of LNG."
calculated value and measured value J.S.C.E. Vol.65, No.6, 1980
agree very well with each other as
shown. 3) Y. Ishimasa, J. Umemura, A. Fujita,

Case l11.(Setting the heat barrier at 5m) C. Rai, "Development and Operational
Fig.IS how th disribtio ofExperiences of LNG In-ground Storage

freig. lie. Fg1 shows the chtrbui ngef Tank in Japan." Proc. 5th Inst. LNG

with time of the freezing line. TheCofrne Duslr,197
freezing line shown is only five months 4) C.R. Wylie, Jr. Advanced Engineering
after the operation of heat barrier; the Mathematics, 3rd. ed. McGraw-Hill.
measured value, however, agrees very
well with the calculated value, showing
that the freezing line is coming closer
to a steady state.

A calculated value of the distribu-
tion of freezing line ranging from GL-O
meter to about CL-S meters is slightly
greater than the measured value though
this is true of all of Cases 1, 11 and
ill. This is because the computation
was made presuming that the LNG tank is
full, and practically the liquid level
varies, showing a lower value than- the
calculated value.

6. Conclusion

The foregoing has described the
design procedure in the basic design of
heat barriers and the comparison between
measured values and calculated values.
As a result, it has been made clear that
the progress of the freezing line can be
estimated through thermal analysis and
also that the installation of the heat
barrier can control the exctent of the
freezing zone. The cases presented in
this report are only partial, but the
same result applies to all heat barriers
of other tanks. These heat barriers are
presently working effectively to control
the extent of freezing zone. A problem
to be solved in future is to grasp the
thermal constants much more exactly with
a view to strictly and effectively con-
trolling the thickness of the frozen
soil.
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Table 1. LNG In-ground tanks of Tokyo Gas START

(ap~~ityI~aliqud 4e~htYear of
Wok 4Aiy1D.lqi egtQuantity CoPlel Calculation model

10,000 30 x 14.2 1 1970

so ooo 50 x )0. 6 1972 Thermal constants
95,000 64 x 29.6 1 1977

rgs4 95.00O0 64 x29.6 1 1978 mualn th ntia~

95.000, 64 x29 .6- 1 _141 (Case-study with axial symsmetry model)

95000 64 . 29.6 1 18

-000 60x2. 2 4 ComputatIon of distance. intei and tempertr60 00 64a 9. 5 1976 (Case-gtudy with thre dimensional model)U~60,000 6418.7 2(Case

60.000 64 x 19.37 1977 ~mn.no rznsi
62aa.~ 5.000 

6
4a 18. 1 _1979 Aon fadshc 1

130,000 64 x 40.5 1 *1982 Quantity of installation (*2)
-130,000 64 . 40. 192xecution

130.000 64 x40.5- *183 (*1) (rusnnins cost)

1 00001 64 x 40.5 T(2) (counstruction cost)

*Under construction Basic progos

Ortail'desig

I)b)(c) wae.o~e Fig. 3 Design procedure of heat barrier

Fig. I Types of in-ground storage tankcs

Tank

Hade pp 

Froeeu iee
FrosoOsal

/ Hal-pipe

,~ Fig. 4 Freezig line vs. depth of H.B.

5*L

N& 5 FrivM n nterviofbat pipe

Fig. 2 Schematic drawing of heat barrier
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Fig. 6 Schematic drawing of storage tank otr analysis
.,.2 ,1 - ' C , 1k ,,, 'hC i :

7 32.0

31A1 -0 Z

iG.ae 7 aklato oe i~ai () Cs td

a o o tai M d s+ , t

T - 16'(7

o 
=  

I Q cal nF ig . 9 . P a rtitio n e d e le m e n ts d ia g ra n ( H 4 in )

SFig. 7 Calculation model Table 3(a) . case study

Table 2. Thermal constants (axial symmetry model)

K , c o n s r a n t B e f o r e f r e e z i n g A f t e r f r e e z i n g ' M t. a nc e .tll le p.

Material ( k 2I;m6 'O.II'II, 0 k~k~,,olh isjkai, C) 1. 6(.1Jo C) I.) 1)

Silt 1.2 860 2.1 500 51,Do0*o 3001. .

Mudstone 1.6 770 2.2 1.0 37,000.0 2 7. t

Concrete 2.0 500 2.0 500 - .1.6

Gr<avel 1,4 50 Y) .6J 440 14,1)00.0 1 53C.bI .I 5,o %.b 3.

.727.

k Thermal ,onduvtIto. l't, uipma1I L, (Jien heal ] "' 21 .6

So Table 3(b). Case study
(three dimensional model)

7A 1_t_- , +. --en..

-~~~ fl~ace Itrval Temp.*c

a. .3

0 3C

VO~ d~- 2.._5

A'47 50

60

22..1 10

:1...6 30

7 30

trnmt Hplaed i,,,,,r

Fig. 9 Relation between distance of fleeting fine and time clapsed.
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Fig. 10 Relation between depth of H.B. and free7ing line

Fig. I2 Relation between interval and AL at L =3m

Table 4. Summary of heat barrier

Tok ( - Heat barrier

Tan k ) Works Year of I Distance Deoth -int.rval I Teip.

O S. operation 1 rH(m) ZH Cs) ( M (M) ITH (*C)/Case 1 95.o0o +Ne-gishi 199 . 3-0-- - 6+ - - .-0 4.0 40+

Case II 95,000 Negishi 1979 3.0 30.0 I 4.0 40

Case 111 58,000 1Sodegaura 1981 5.0 20.0 4.9 30

60m

32. 25'5,0m T =16C

Z- a2Okcm hC

n=0 1667

--- k, ,Iw h s iM e,

c¢fst lt b t'r frezmn h ftier !e~n

steta LA,,,h Ott,,,( - k,.t h ,.," I lI

C,'.iste T~p 2.0 5(00 . 00 ..

F,. 11ne .5 7qo . 5.. 3 0 39,000

I), 1-, 1.9 -- 0 " 540 28,00
It- ," aer t, 0tO "'7 530 j 42,000

Fig. I I Relation between interval

and heat temperature at L 4m Fig. 13 Calculatiotn model and thermal constants for case Ill
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Fig. 15 Progress of freezing line at GL-12.3m

0 0Cm , ,0 - 5, t I

3,C ase I 1

4 .- -- Heatpipe

CLi 44 3L-- --

, L

~~- 17 i Lmax

.1 Sudirecion (L max)

Fig. 16 Distribution of freezing line 0 ,
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Fig. 17 Progress of freezing line at GL-10.8m
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ABSTRACT

Experimental freezings of two ii- compared with the theoretical results.

quids (water and tert-amyl- alcohol) in

sands have been carried on in a closed INTRODUCTION
system. A sand with known grain size
distribution, mineralogic composition Ground freezing presents the very
dnd physical properties has been used. interesting feature of the coupled

An experimental apparatus reproducing phenomena of heat and mass transfer.

a onedimensional heat transfer pheno- While in a first period the researchers

menon has been set up. The lower plane have been mainly interested in the heat

has been thermally insulated and the transfer, in the last two decades

upper one has Leen kept at constant several papers (1-4) appeared dealing
temperature. A procedure of vibration with the coupled heat and mass transfer.

of the sand has been employed to have a Although several questions have
uniform liquid regain distribution at been answered to, especially during the

the beginning of the cooling. Tempera- two Symposia on Ground Freezing (5-6),

ture has been measured at different it is opinion of the authors that the

distances from the cold source during influence of the physical properties of
the cooling. Liquid regain distributions the water and of the porous medium has

have been measured at the end of the not been yet completely investigated.
freezing process with the oven drying A research project has been planned

method. Conductive heat transfer with to evidentiate the importance of the
change of phase has been theoretically physical properties of water. Some

investigated. The energy equation has eyperimpnts have already been performed
been solved numerically with the finite (7) with a cryogenic unity as cooling

difference method of Crank. The thermal source. An experimental apparat||s in

conductivity of the wet sand has been onedimensional geometry has bRen net up
determined with the relation proposed during a set of measurements carried on

in the paper of Johansen and Frivik. with a water saturated sand (8).
Experimental temperature and liquid The aim of the present paper is to

regain results have been discussed and obtain experimental temperature and
the temperature measurements have been liquid regain prof4 les during cnoling
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processes carried on with a sand satura- balance (0.1 mg of precision), then
ted with two different liouids (water dried in a forced air oven at 105 deg. C
and tert-amyl-alcoholl. for 12 hours and finally weighted again.

The liquid regain r is defined as
EPERIMENTAL PROCEDURE W-o

r =- 10 1)
0

The sand mixed with the liquid has

been put in a cylindrical plastic con- where W and 0 are the weights of the wet
tainer (diameter 105 mm ,lenght 130 mm). and dry samples respectively.
The container has been sealed andvibrated

for four hours in vertical position in THEORETICAL ANALYSIS
order to obtain a vertical and horizon-
tal uniform liquid distribution. The It is considered the onedimensional
lower and lateral surfaces have been thermal conduction neglecting the
thermally insulated with glass wool. influence of the liquid transfer.

The thermocouple tips have been The following equations are assumed

set on the axis of the container at
various heights. The thermocouples have C - = - ( k - ) 2)
been inserted by means of steel tubes u t x u ax

(diameter 1 mm) which have been removed in the unfrozen region,
imniediately afterwards. This method of aT a aT )3
insertion has been used to control C - =- k - ) 3)
exactly the location of the tips. f at ax f ax

Furthermore the uniformity of tempera- in the frozen one,

ture on horizontal planes has been veri- {aT} _ {T} dX 4
fied. k 12- - kuI a : L r - 4)

A metallic plate, inside which f ax f u ax u d dt

ethyl-alcohol has been circulated, has at the interface.
been used as the low temperature source. Acoording to the results of
The ethyl-alcohol has been mantained at Johansen and Frivik (9). the amount of
the desired temperature by a thermostat unfrozen liquid in the frozen sand is
Haake FK2. The uniformity of the tempe- considered negligible.
rature of the plate surface in contact The following relations are used
with the sand has been verified.

The cold plate has been put over C = Pd ( c + c r ) 5)

the container and in contact with the u ps p1
sand. After the choosen time the cold Cf Pd ( c * c r ) 6)
plate has been taken off together with fpsf plf
the thermocouples and the liquid regain where c =760 J/kg K, c =700 J/kg K
has been measured. c = 4186 J/kg K. c = 1967.4

The thermocouples used in the expe- 3pg K, c -3150 3/kg , c p c
riments (Cromel-Alumel of 0.5 mm diame- and r is aken equal to the averae
ter) have been calibrated with a plati- value of the experimental measurements.
num thermioresistance ( 100 ohm/Ddeg.C ). The thermal conductivity of the
The reference junctions have been man- sand is determined according to the

teined at constant temperature by a following relations , proposed in (9):
constant temperature oven. The tempe-

rature measurements have been registe- k k° + (k -k 3 f(Sr) 7)
red on a Data Logger 2070 HP at diffe- o -2.1
rent times, where kI = 0.034 nI n (1-n)

The liquid regain has been measured k = kln k

by gravimetric method. The sample of wet k q )-)
sand has been weighted on an analytical s q r
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r3
n= 1-P d/P density equal to 810 kg/m3; latent heat

Sr = r pd/ n p equal to 52.5 KJ/Kg K. Furthermore the

volume of the alcohol does not increase
and f(Sr) is defined as during the freezing.

f(Sr) = Sr 9) PRESENTATION OF THE RESULTS

in the frozen region. The vibratiun procedure employed

has ensured a maximum deviation of 10%
f(Sr) = 0.68 log(Sr) +1 10) of the initial liquid regain from the

theoretical value (21.14% for water and
in the unfrozen region and for the sand 17.12% for alcohol at the saturation].

used in these experiments. The following The maximum variation between the iri-

values for the thermal conductivities tial liquid regain distribution and its

are taken : k =7.7 W/m K; k =2 W/m K; average value is 7%.

k =0.57 W/m K? K.=2.3 Wim K k =0.168 The experimental results for water

Om K, K a are presented in figures 1-2 and for

Equationsa2)-4) have been integrated alcohol in tigures 3-4. The temperature

numerically with the finite difference measurements have been presented dimen-

method employed in (10)-(12). The sionally ( deg. C) while the liquid

boundary conditions are constant tempe- regain has been scaled to the average

rature on the upper plane aid adiabatic value (r ). reported on the same figures.
m

condition on the lower one. Figures la and 2a present the

The sand used in the present experi- water regain measured at the end of two

ments has the properties of table 1. experiments performed with different

I I I

Table 1 - Properties of the sand.

Grain size distribution

diameter C% (in weight) N
< 100 0.3 1 3

100-160 2.2

160-250 9.8

250-400 67.2 xj'.h

400-630 20.1 0
530-1000 0.4

Mineralogic composition 1'

Quartz 61%

Feldspar 31%

Calcite <1%

Phyllosilicate et al. 8% -q

Physical properties 3

Density of sand p =26B6 kg/m ,
Non-vibrated dry 

s

sand density Od= 15 7 1 kg/m Yp
Vibrated dry 3

sand density f d=1713 kg/'n

The tert-amyl-alcohol has the follo- ,

wing properties: melting point at -8.4

deg. c; boiling puint at 102 deg. C;
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... 7 0.o 249' r =15.65% Ar :.bc:. 0.9 m
144'& A 142' r =16.7'

m

16' 20 1 • Experiments - - -d0

I' 43 1 o-0

U U) T -20.1

I /) , o

3 0 *./ b'
4,7 0-' , ,

1i.- 249 9

-B ' ' 249'

-10 /

Predi ctions
I-' , - : q 7)-10)

p --- k=k x4
a

-- :0
.1,4 F 1 il m) 12

- 0 x M1 " m) 12 Fi urc 3 - R sult: for alcohol-

: "F,' - Ru~t; F watp~r- Sad system.

les are reported in figures lb,2b,3b,4b.

cold plate temperatures (-8.3 deg. C and DISCUSSION

-20.2 deg, C respectively). The experi-

mental temperaturesmeasured at different The experimental water distribution

times are reported in figures lb and 2b. of figure Ia shows a limited change of
Figure 3a presents the alcoholregan masurd i tw exprimntsthe water regain, the maximum variationregain measured in two experiments (about 12%) is at the interface between

performed with the same initial and boun- t frze i a the nre be

dary thermal conditions and with diffe- the frozen region and the unfrozen one.rentcoolng imes TheexprimetalIn the experiments with a colder platerent cooling times. The experimental (figure 2) the water regain increase is

temperature distributions of figure 3b (figue 2)e waer regninae Sof the same order of magnitude (13.5%).
refer to the longer experiment because The present experiments confirm the
those of the shorter one have shown a

existence of the "cryogenic suction" forvery good agreement.Fry gudaree4aend. 4the water-sand system but the average
water regain increase in the frozenexperimental alcohol regain of three

experimentsl adthel tegea ftre e- region is small in comparison with the
experiments and the temperature measure- overall average. This conclusion is in
ments of the longer one. agreemnt with the previous experimental

The theoretical temperature profi-
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_ _ I j I__ _,_ coolings.

SfprimentsA zen The decrease of alcohol regain in
1.1 0 t Unfrozen the frozen region is accompanied by an

increase in the unfrozen one. Anyway the
variation of the average alcohol regain

rA -" in the frozen region with respect to the

overall average is in the range of that

measured in (7).

The full line curves presented in
@0 :-'4';r =1 .31% figures 3b and 4b are the temperature
& A 244,;r m 15.67 predictions for the alcohol-sand system

mV V 1'W ;r =1B.17% calculated with the global thermal con-

20 Ll *Experiments ductivity given by equations 7)-10).
- -* - Such predictions are not in agreement

1 1. 9.4 , I with the experimental data which are much
,1 "1 0 o higher, especially at longer times.

0 0The main reason of this disagree-lU / ~ .100' 180' ment seems to be due to the value assumed

, I I for the global thermal conductivity.
, 0 . - 1B0' - Additional predictions have been presen-

0,_ , ted in figures 3b and 4b (dashed line
- lO0' 0324' curves) with an "ad hoc" assumption of

0 f0the global thermal conductivity.

The existence of the "cryogenic

-8 , 180' suction" for the water-sand system and

-11 ,not for the alcohol-send system seems to
suggest that the increase of the water

324' volume at the melting point is one of the

Predictions most important causes of this phenomenon,
-k=Eq.7)-l) as already pointed out in (7).

The water volume increase produces a
T a.-- x4 segregation of the solid particles and a

4 6 x(O ml 12 liquid flow toward the freezing front.

This effect is not a striking one because

of the grain size distribution of theF i u -e I - Resu lts for a lcoho l- s n m l y d
sand s stem.sand employed.

This physical interpretation seems

to be not able to explain the alcoholresults of the authors (7-8).

The theoretical temperature predi- regain decrease in the frozen region in

ctions of figures lb and 2b are in good comparison with the unfrozen one. Further

agreement with the experimental data, investigations on non-saturated systems,
on porous media with different grain sizewith a slight tendency to be lower. distribution and on the influence of the

The experimental distribution of freezing front velocity are necessary to

alcohol regain at the end of the cooling give a complete physical interpretation
(figures 3a and 4a) has a different(figres3a ad 4J ha a iffeentof the phenomena involved in ground
behaviour than that measured in theoftepnmnaivldingudbeavr an systemTha meaured inge freezing. Special attention has to be

water n system n Ths aloh len given to the problem of the formation of
in the frozen region has lower values icles.

ice lenses.
than in the unfrozen one. This is shown
in figure 3a and it is confirmed by the CONCLUSIONS

results of figure 4a. Such an effect

seems to be more evident in the longer The present experiments confirm
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that in the freezing of water in this

kind of sand a "cryogenic suction" at the REFERENCES

interface between the frozen and the

unfrozen regions is present. (11 Hoekstra P.,Moisture Movement in

The temperature measurements during Soils urder Temperature Gradients

the cooling of the water-sand system are with the Cold Side Temperatire

(numerically) predicted very well with below Freezing. Water Resour. Res.,

the thermal conductivity Siven by equa- 2,2,241-250,1986.
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EXPERIENCES AND INVESTIGATIONS USING
GAP FREEZING TO CONTROL GROUND WATER FLOW

Heinz-Bernd Einck, Dipl.-Ing.
Akademischer Rat, Institut of Konstruk-
tiver Ingenieurbau, Ruhr-Universitlt
Bochum
Albert Weiler, Dipl.-Tng., Head of the
Metro Construction authority, Duisburg

Abstract ending with investigations in detail
In the years from 1977 to 1979, during between two freezing pipes. Besides that
construction of the Metro Duisburg, the investigations in detail were also
Federal Republic of Germany,contract sec- performed by taking into consideration
tion 4 with an open excavation was con- the characteristic values of ground
structed by gap freezing. water which are depending on temperature
As there were anyhow high velocities of and the heat flow. The freezing pipes
ground water stream essential raisings were considered as cooling sources and
of velocities in the freezing gaps the heat potentials were superposed the
appeared by water accumulation, flowing potentials. This made ltpossible
In order to determine dimensions of the too, to simulize the configuration of
appertaining equipment and especially the frozen parts of soil.
those of the free:ting pipes 'znowledge Important results of these investiga-
about the flowing velocities as exact as tions are:
possible was required. 1. The Finite Element investigations
At the begin of the design in 1974 was afford very good values which com-
decided, first to carry out a measuring parisons by In-situ measurements have
scheme to learn the groundwater flowing confirmed.
velocity, this was followed by a large
scale (1:1) trial freezing to ascertain 2. Depending on freezing pipe distances
the feasability of the gap-freezing- and hydraulic gradient it has become
method, possible to establish firm multiples
When these investigations were scienti- from ground water end velocity to
ficly valued it was established that the its beginning velocity.
involved was acceptable. The contract 3. Direction of ground water in no lon-
documents were prepared prescribing a ger important for the gap freezing
combination of "cover and cut" with gap- as inside the gaps it occurs a ver-
freezing, which meanwhile is callad the tical rectification to the excavation
"Duisburg method of Metro-construction". walls.

During the construction a large scale
measuring and scientific research pro- INTRODUCTION
grams were absolved. In the years from 1977 to 1979 the con-

tract sections 4, B5 were constructed by
the application of gap freezing in
Duisburg city, Federal Rupublic of Ger-

By aid of comprehensive Finite Element many.
calculations the situation of ground- The dimensioning of the complete free-
water could be simulated beginning with zing plant was based on the results of
investigations on a large scale and large scale testing and in particular
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the installation of the pipes used for porcance at the inner side of the bidl-
freezing within the diaphragm gaps. ding pit as only absolute valut:. of ve-
Subsequently many calculations were also locities were measured without any di-

performed by Maidl and Einck (1977) for rections.
determining the expected ground water The results during frozen period from
velocity of flow based on Finite Element 7th April, 1978, to 9th April, 1973,
programme "GEOSICK." are shown in the following table 1.
The results from the above calculations Better approximation of the value~s could,
were to be compared afterwards with however, be obtained if correction factor
actual measurements during the freezing of dynamic viscosity is also considered
phase. This comparison as well as fur- and will be explained in detail in this
ther measurements of temperature distri- paper.
bution and also the freezing behaviour As the heat flow can also be dealt with
of the soil were the basic factors con- the potential theory the complete treat-
sidered for further investigations with ment of the problem of freezing is
the aim to achieve the possibility of an possible by the superposition of ground
exact calculation model for gap freezing.
Mainly till now experiences are avai- Ooe

Elemtnt
lable only for frozen shafts. 297 7 4 a 1. 119 1I
Also the calculation method proposed by

Victor (1969) did not lead to meaningful . .0 8.3 2.6
results for the Disburg Construction resultof
Method, as this method does not take into coictiuo- 10.7 8.2 8.2 3.2
account the expanded flow around the Vion -
frozen parts of soil. However, flow can Table i. Result of flow measurements
easily occur around frozen shafts. It and flow calculations.
can therefore be stated that gap freez-
ing represents a special problem of soil
freezing at site. water flow and heat flow. In order to

obtain comparative values for further
PRELIMINARY INVESTIGATIONS calculations, besides the already avai-

First of all investigations of flow be- lable observation pipes (Fig. 2) in ver-
haviour in the vicinity of frozen parts tical direction, pipes are installed in
of soil were performed subjected to a horizontal direction for the measurement

given angle of attack of below 450 and of temperature at six points along the
a given gradient of 1.35 o/oo. These re- length of the pipe. With such measuring
sults mainly for an increase of possible points the possibility to determine ex-
water accumulation could be estimated. tension of frozen soil parts moreover is
Even results in frozen gap area could be offered.
obtained by a step-by-step reduction of T1

the investigation area. By this method at
the first instance a rough frozen part L-,, 6.

of soil configuration was given.
The results achieved in this way are to T2
be compared with the In-situ measure-
ments. The following figure shows the
arrangements for the gaps 128 and 129. 0
Based on the specified procedure for the
calculations and measurements for level -3

I the comparisons given here are of im-

I I / /1291

yEcvat Ion sider .- /

128 B __12 V'
*11281 2 u)

Figure 1. Positions of levels. Figuire 2. Position of observation
pipes.
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It can be stated in anticipati-n that peratures. The filter rule of Darcy is
the measured temperature valur; and the applicable in general and is expressed
heat potential values to be aimed from as
calculations would prove to be con- = = k.i
sistent. A

INVESTIGATIONS CONCERNING GROUND WATER
FLOW Many calculation methods treat the per-

meability coefficient 'K' as constant
In case of soil freezing at site the for the purpose of simplification. This
ground water flow causes great concern brings excessive velocity values. How-
especially where high velocities are ever, the coefficient 'K' depends on
prevailing. Therefore, the knowledge of dynamic characteristics of ground-water
velocities for all following four phases such as viscosity and density are ex-
of freezing is of great importance: pressed as
1. Cooling the soil and the water down

to O C.

2. The initiation and the development of k = K 
°  

and V = -

the freezing zone in the soil around
the freezing pipes.

3. The development to a wall by the Where the density P as well as the vis-
coming into close contact of adjacent cosity V are functions of the tempera-
freezing zones. ture. Based on the work by Feldkamp it

4. Permanent freezinci-maintenance of is possible to express the material con-
frozen parts of soil. stants of water as polynominal functions

based on the liquidity temperatureO
The decisive velocites of flow are cal- (in oC) as given in
culated by the following method.
1. Determination of ground-water flow

conditions at the beginning of free- ,,= ak
zing, however, by taking into con- 0
sideration the already existing
structure.

4
2. Determination of maximum accumulation ri I o- 3 exp b • Q

of water in the completed frozen body. L_ k k
0

3. Detail investigations at the impor-tant pointF. This is diagramatically represented in
fig. 3 for the kinematic viscosity. It

The ground water constants have an sig- is possible to obtain different permea-
nificant influence on the heat prevai- bility coef'icient values 'K' which are
ling conditions depending upon the tem- considered ,or further calculation steps.

:" 4

Figure 3. Kinematic viscosity depending on temperature.
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HEAT FLOW CONSIDERATIONS

In order to get knowledge about the tem-
perature levels existing and to study
then influences the frozen pipes were ----
considered as cooling springs. By super-
posing the heat flow over the ground I1
water flow, flow dependent Isothermals
as potential lines results as shown in
fig. 4.
Based on the temperature distribution

the local value of 'K' for the rest cal-
culation step is determined. Hence
follows as the firstresult the situation
shown in fig. 5.

In the whole gap nearly the same changes
of velocity were observed. For the indi-
vidual elements the difference between

the results is in the order of up to 1%
and is therefore neglected being very
small. Therefore one can proceed to con-
sider that the gaps "straighten" the
ground-water flow parallel to the dia-
phragm sides. This is very well recogni-
zed and also seen in all subsequent cal-
culation steps that the velocity vectors Figure 4. Isothermals as potential lines.
lying as far away as 10 cm from the outer

Figure 5. Flow situation in the gap.

edges of diaphragm gaps have the same influence the flow conditions within the
direction sense. Moreover, Isopotential gaps. The freezing progress was simu-
lines run parallel to the lonnitudinal lated sten-by-sten un to 20 iterations.
axis of the diaphragm gap. Very good results with regard to velo-
Hence it follows that as long as the cities were obtained from the calcula-
pipes used for freezing lie in the gaps, tions as can be seen in fig. 6.
the direction of flow attack will not
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frozen Soil
........ 32

*:' Freezing
Pipe

-16

Figure 6. Velocities around a body. Figure 7. Velocities in the cross
section.

It is expected that the frozen body will water. Because of the given grid struc-
ultimately form an ellipse and that the ture it is not possible to carry out
velocities of flow at LUV and LEE will everytime the exact determination of the
be smallest and at sides highest as width of boundary layers. In the tested
shown in fig. 6. They are plotted as vec- case it was varying from 4 % to 2 % of
tors normal to the boundary of the frozen the distance between the freezing pipes.
body. It is very interesting to see the This permits the expectations, that when
distribution of velocity between the a remaining width of gap of approxima-
frozen parts. Here the maximum velocity tely 4 % of the cross-section at the be-
at 00 C margin is expected, as it is ginning is considered, then the velocity
subjected to the highest fall of poten- would here already reach a maximum or
tial. In addition to it the k-value is exceed itas the case may be.
decreased. This results in a comparison Increased rate of velocity of flow at
of velocity growth. The arrive of maxi- infinity should be excluded as the flow
mum velocities for the cross-section in the gap corresponds to a situation of
between two frozen parts is represented half well at the LWV-side and a half in-
in fig. 7. verted well at the LEE-side.
The decrease of velocity at the edges of The calculated velocity curve depends
the frozen body can be compared to that on the percentage of contracted area as
of a semi-boundary layer behaviour. This shown in fig. 8.
layer extends up to a temperature of
20 C in the beginning and up to 40 C with
a very advanced freezing process. This
circumstance perhaps explains as to why
the freezing can be successful even in
case of higher velocities of ground-

"-

- CONTRACTION IN /.

- b I. ~ ~ 7 3 . *4. &i 4.' 3. 1. . U

Figure 8. Filter velocity depending on contraction.

197

., . .. . . ; A. : , : : -& : ' i !;" , .
' I ' ' ' ' ' l~' '



CONTRACTION IN*/.

0 O . II. . 32. to 8 4 S. '. 6. 8. U

Figure 9. Quantity of flow depending on contraction.

It should be observed that an increase 4. A constant 'C' is determinred, which
of up to 10 % of the velocities have al- depends on the conditions prevailing
ready resulted from the start of cooling in the beginning.
and up to the initiation of icing in the
soil. In addition to the above results V
fig. 9 gives the development of quantity C= max

of flow. It is remarkable here to note o
the fact that with the cooling-off pro-
cess the quantity of ground-waterflow is These facts have been confirmed by further
reduced considerably. The change in k- calculations with variation of potential
value due to temperature changes intro- drop and the soil permeability K. How-
duces a semi-contraction of area, al- ever, changes in the configuration of
though no part of the soil has reached the frozen body have taken place.
a frozen state. In extreme conditions Also based on the third point mentioned
only 22 % of the beginning quantity of above the dimensioning of the freezing
flow can pass through the gap. In other measures can be checked. After the eva-
words, flow takes place around the con- luation of the maximum velocity on the
struction. Therefore, the continuity corresponding quantity of flow the con-
rule otherwise valid in hydrogeology is ditions corresponding to the closure
not valid for the flow through the gap. could be derived from the extreme con-

ditions in the two components:

=f, Ql ; A2  (I) Requirement for energy without
- 1  A1  v2  2=Q ground-water flow

The most important results are as (II) Requirement for energy of the
follows:ground-water flow

1. An increase in maximum velocity of Theoretically, this approach may see~m to
up to 320 % of the beginning velocity be slightly less elegant compared with
(value corresponds to last calculation closed form solutions. But in practice
step 306 %). once the required charts and tables are

2. If the gaps remaining reach a stage of prepared, this approach is faster in
4 % f te wdthbetwen he reeing achieving the desired objectives. For

pipes, and if still energy resources tepecillbfrg t construction o he

are available for further cooling of epcal o h osrcino h

the ground-water, then because of the contract section 4 of the Metro in
expetedredutio ofthe -vaue, Duisburg city, a procedure as explained

the closing is guaranteed.abvwssucsflyplid

3. During the freezing progress the
quantity of flow becomes smaller and
smaller. Down to a contraction of
area of 90 %the behaviour is found to
be linear.
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EXECUTION OF THE CONTRACT tion world as Duishurn Method
of Metroconstruction, fullfi1led

Father of the idea to develop the condition to keep uI the

a new construction method was communication of the oround-

the intention of giving non- water in the followin way:

interference with the ecolo-

gic ballance absolute prefe- o The diaphragm wall sections (Fig.
rence. Of course is such an 10) of the site enclosure were 5.4
aim for a project of this m long, which on each side were
magnitude impossible to reach interrupted by 1.35-m-long 9aps,
totaly. left open.

But technical know how o These gaps, also called
and the courage of the engi- windows, were closed by
neers to base their design qroundfreezina. The water-
on newly established para- tiht enclosure enabled
meters combined with the excavation of the around
consequent will to apply and construction of the
innovations in order to pre- underground station in the
serve the environment lead to dry. Diaphragm wall sections
a successful new construction and frost bodies reached
method, described herein after down into the watertight
in short. layers of the tertiary clay.

The frost bodies trans-
Construction Method Applied at Contract ferred all loads (waterhead,
"Station Kbni-Hei:rch-Platz earth pressure) by archac-

tion into the diaphranm
In the contract documents the wall sections.
desion of the site enclosure o After completion of the
prescribed slurry - diaphracm- construction and thawino
walls as sections which were of the frozen ground the
interrupted by gaps that nroundwater could stream
durina the construction were again through the gaps and
made watertinht by around- unterneath the tunnei, thus
freezing. This method, mean- reestablishing the oriqinal
while known to the construc- situation of groundwater

communi cation.

, vertical- G
drainage#

/I connectins
pipes- closed 50

A during construction
{1 frozenground

diaphragm -watt sections

Finure 10: System of the nuisbura method
f Metrr; (rnstructi(,n
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Abschnitt 1 I - Abscvtt I

/ ~Nordseite __

W.. 1 2 3617 8 9 10 11 12 13 14 15

SO&dseie 20m

-Ruckkmi

200m 4. 60m-.-- 140m

Figure 11: Dividing the contract into
2 sections (plan)

Valuing all results of the
various trials and investi-
gations carried out ahead it
was found that for reasons
of energy providing and cap-
city for the freezing plant
it would be more economically
considering the execution of
construction, to divide the
contract in 2 sections (Fig. 11)
which are to be executed one after
the other.

System of Gap Freezing

The freezing was in every
section carried out in 3
phases.
o Freezing of the gaps in the
upstream side of the enclo-
sure walls (south)

o Freezing of the gaps in the
downstream side of the en-
closure walls (north)

o Upkeeping the frostbodies
during the time of excava-
tion and construction

For safety reasons in Fiqure 12: Ice mountains showing
the first section the free- the qround strata
zing plant was run on full
output. As a consequence large
ice mountains (Fig. 12) developed
into the working space and were
difficult to remove.
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Nt Side South side vertically exchangeo ground
ienabled a rapid equalizing of

varying groundwater veloci-
fte Eost Wst Eties and pressure heads in

,- flaw -r the different strata levels
as well as guaranteeing homo-
geneous frost bodies having
through out the same heat

snof conductivity and excluding
the danger of leakages in the
coarse gravel layers and in

=- _M .... the silty patches. Additional
-I[ .-JE the high voidage resulted in

a strong sensibility
reacting to changes of tempe-
rature during the freezing.

. GAP --... 
G,3a

I i~ragn .As taboo Sao) 0 612 18 24 (hour)

or .an
System of -fteerzing pope and 21
conmction to the freezing i~art Groud-

Figure 13: Freezing pipe .r "
arrangements
(north + south .MD"
side) A

The arrangement of the free- 3
zing pipes (Fig. 13) on north and
south side differed as follows: - I9

o On the upstream side the 3 2
freezing cage consisted of
3 U-shaped pipes plus 2 2
double casing pipes per gap. 2
Additional were 2 double - 22
casing pipes concreted into ID 2 OI
the diaphragm wall sections

on each side of a gap.
o On the downstream side

lee side of the groundwater
stream one U-shaped pipe a
less and no double casing
pipes in the diaphragm wall

sections were installed. Figure 14: System of thermo
All freezing pipe insta- couples for esta-

llations were assembled as blishing ground
rigid cage construction which temperatures over
were inserted into cased pile the whole pipe
bore holes of 110 respective- length
ly 90 cm 0.
This method assured that at To be able to establish weak
the necessary enormous depth's spots in the frostbodies a
of up to 35 m the diversions sophisticated temperature meas-
were minimalized. When extrac- uring scheme (Fig. 14) was devised.
ting the casings a 2/8 mm
graded aggregate with 25 % 201
voidage was back filled. This
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Main Features of trie the plant was run to lona on
Construction Execution full outnut, the excavation of

1. Computations usin F.E. the lowest level proved diffi-
1. Ctos dflo cult due to hune ice mountains.
methods and electromaqnetic 5Tefezn ln osse

field plotters showed that 5. The freezing plant consisted

a reduction of the ground- of 2 Sabroe aonrenates of

water flowinq section by 2 514 000 K Joule/h output.
80 % will result in an ab- The total installed electrical
solute increase of the input was 1 200 KVA. Freezina
groundwater level differen- media were for the circuits

ce of approximentely 15 cm internal: Frinen-aas (CHFCI)

at tunnel width. Out of the external: 30 % Calcium Chlori-

view of environmental pro- 6. The Hternal brine circui

tection this value is ee na bie taktohv

quite acceptable. ended in an open tank to have

2. The trial freezinq showed irimediate control on any
that the main influence on los.pes, hecause brine of

course will smelt an ice body.freezability of a buildinq On the other hand it is com-

ground, and the time needed Onete har and no ce

for it, is the ratio (R/r) nlete y harmless and no daner
of freezinn pipe centre to the aroufndwater.
distance versus freezin 7. For the control of the tempe-
Dine dian ter (Victor 1969) rature every freezinn-pipe
i. e. t , niirlity of the cane contained 2 temnerature
pipe drillinn, lh- results measurinnpipes in which over
of the trial frezinn led 24 hours every m frostbodv

because of thP bad nround was once controlled.
conditinns to thp develop- 8. For cases of emeraencyover the
ment of a fr-?zinq cane, whole time of freezing an
which wAs in-rertpd in a electric aenerator was kept

110 'm 0 CrAed bnre hnle on the site for the case of

brouqhif doin into every power failure. Additional it

rn P was possible to adapt all
In. tfreezinn pipes for freezinaIn orIor to improvewihfuditoee

the aroundwater flow the with fluid Nitrooene.

cane w;;, sjrrnijndod by
2-8 mn innr.-atp when ex-
tractir- the casinn. The , -
can fe-tfirps as further
innnvatic)n. U-shapfd '. .t " '4
fr!peinn-pinns which are
considerably cheaper than _.... . .
the cnnvpntional double
casino type pipes.

3. In addition was on every t-

side of the nap one (con- '
ventional) freezing pipe
concreted into the dia-
phragm wall section on the
downstream side, this
proved very important,
since qaps without them
were much more difficult
to freeze.

4. When calculati the free-
zinn energy needed, it was

obvious, that for econimic
,'easnns it was necessary Figure 15: [unctionin; of the
to carry out the 400 m croundwaterflow after
,onn contract in 2 sections. completion of the

Since in the first rnntract
stane for safety reasons



CONCLUSION fUr Bodenmesbanik TH Karlsruhe,69
The gap freezing has been a Weller, A., Ulrichs, K.R.Nmd-
technical and economical success za, H. :"Untersuchunq Uber sine
and proved to be a method corn- Bodengefrlerung 1. stark durch-
patible to the environment. strdmten Untergrund. Die Bautech-

For future application of nik 53 (1976) H.7, S. 226 - 232'.
imehdtefollowing points Weiler, A. Wieczorek, H. Her-

seho d thcosierd zog. M.: "Bodengefrierung in Ver-

1. The freezing pipe cage should bindung mit Schlitzw~nden. Tief-
receive a reinforced steel bau-Berufsgenossenschaft 1978,H.10

skeltonbecuse his illWeiler, A. :*Erfahrungsn mit
skelhet, beasextaisoil der Baugrundvereisung. Die Bau-
furtherabthedheato extactond technik 56 (1979) H.6, S.181-187".
considerably ad toce its oo Weiler, A.: "Bodengefrierung

conuctvit an aceleat beim Bau der Stadtbahn in Duisbur4"the freezing process, respec- Hochtief-Nachrichten 1979, H. 3.
tively, allow freezing with Weller, A. ,Vagt, J.: Proce-
higher flowing velocities. eiq o h ESF 99i

2. Every gap should have on the Bdign , folthe 3,CS. 199 in30
brine intake line a calibra- Brighton, Voum., 5. 299 - 305
ea e stingsfthled valves Berichte STUVA-Tagung MUnchen, 79
eac simutnosoing ofth vale Weller. A. Mai dl, B.:"Erfah-
apsa s ametneu tloime coul rungen mit der LUckenvereisungbei
bep a hed. tmecol stromenden Grundwasser",Heft 8/79,

3.Te tcheeauemesrn 21 Jhrg., Tiefbau, Ingenieurbau,s. houl emontre aurina- Stralenbaushoud bemontore autma-Weiler, A., MUller, R.:"Bau
tidly, even though the lif- der Stadtbahn in Duisburg, H.1 +
ting and lowering of the 2/0-Btnahite
thermocouples itself has to 2/80 er A. Btonnachr:chten
be done manual. Weller, A. Maidl B.: "~kn er-uc

4. The frostbodies should h 4ve foahrne migrt agn deB~knerlisn 78
a thickness for a 72 hour VrroBurntgn eln7

pwrcut off safety. The Weiler, A. :"Erfahrungen mit
power hud eru ott der Baugrundvereisung am Beispiel
planedthihoule.rnntt der Duisburger Bauweise", Vortrag:
excee piths vale.toe ne Kontaktseminar, Ruhr-Universit~t
Ao4ll poin t mnine uonder Bochum, Februar 1978

1al to rq 4 ilrsultin cnsde Weller, A. :"Neue Bauverfahren
rableenery saing.im grundwasserdurchstrimten Unter-
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FREEZING OF SOIL WITH SURFACE CONVECTION

V.J. Lunardini, USACRREL

ABSTRACT the boundary heat transfer rates. From
an engineering viewpoint, exact solu-

Phase change phenomena arise fre- tions are sought for geometries and
quently in applications such as thermal boundary conditions which are represen-
design in permafrost regions, thermal tative of significant systems. Unfortu-
storage of latent heat for solar sys- nately the mathematical difficulties are
tems, and the heat treatment of such that exact solutions to this class
metals. These are problems of con- of problems are limited to a few very
ductive heat transfer with solidifica- special cases, Lunardini [10]. However,
tion phase change. Exact solutions are a number of approximate methods have
sought for geometries and boundary con- been developed which can yield solutions
ditions which are simple and yet repre- acceptable for engineering design. This
sentative of practical systems. Such paper describes one of these approxima-
solutions to this class of problems are tions: the heat balance integral
limited to a few very special geometries method.
and boundary conditions. One exact The integral method has been used
solution is that of Neumann for a con- with good results for phase change prob-
stant surface temperature after a step lems; it involves the concept of the
change from the initial temaperature. temperature penetration depth. Consider
This widely used solution does not in- the semi-infinite solid shown in Fig. 1.
clude convective heat transfer at the At time t, after the surface temperature
ground surface. has jumped to Ts, the temperature will

For freezing of ground masss the be disturbed to a depth X(t) + 6(t).
ambient temperature is often controlled Beyond this depth, the temperature of
rather than the ground surface tempera-
ture. An approximate solution for the
surface convection ground freezing prob- T
lem is derived and practical graphs are
presented for the depth of freeze, with
equations for surface temperature, and I
surface heat flux versus time.

0 1 Depth
INTRODUCTION I-E +

Problems of freezing and melting
occur in permafrost or seasonal frostI
regions, thermal storage of latent heat,
and metallurgy. One is interested in
the penetration rate of the phase change
interface, the temperature field, and Fig. 1. Temperature penetration depth
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the solid remains at the initial temper- The energy balance at the phase change
ature To with no energy transfer. The interface is
penetration distance X + 6 is analogous 3T (X,t) 3T (X,t)

to the boundi'ry layer thickness in fluid k k2

mechanics. Tihi solution method is simi- 1 ax 2 ax

lar to the momentum integral method in
that the basic equations are satisfied dX
on average over the volume of thickness = (7)
X(t) + 6(t). This avoids solving the
par)+ (tia This avoisoling ateh The general problem with superheat orpoint. subcooling (the initial temperature isThe conduction equation is above or below the fusion value) willinvolve two coupled, non-linear differ-

2T ential equations, for the parameters X
a T . aT (1) and 6. The solution will normally be

ax 2  at difficult and often requires a starting

Spatially integrate this equation over solution for the singularity at the

the distance X(t) + 6(t). Thus origin. However, if the initial temper-
ature is Tf, then the problem reduces

X+6 2 X+6 to only one equation, Eq (5), since the
f a dx f dx (2) penetration distance X+6 is now identi-

o ax2  o cal to the phase change depth X.

Using Leibniz's rule for a general func- The heat balance integral has been

tion Eq (2) becomes the heat balance used extensively for single phase prob-

integral equation lems 11-6] and also for the much more
complicated two phase problems [7,81.

d+ 3T(Ot _ d(X+)(3)
dt ax 0 dt

SIMPLIFIED METHOD
where The integral equations for two

phase problems are usually coupled. A
X+6 variation of the method can be used to

= f T(x,t)dx (4) find an explicit relation between 6 and
0. This will uncouple the equations and

This equation is valid if there is ne simplify the solution. If Eqs (5-7) are
phase change. For phase change wi added together the result will be the
different properties of the frozen ,.xd overall energy balance.
thawed regions there will be two inte- d
gral equations as follows [

d [plCl l+ 12c2 L2plX+(p2 c 2-plct)Tf Xd & 1I _ d X
dt f dt 3TI (0,t)

- P2c2To
(X+6] - kI dx

aT1 (Xt) aTl(O't) 0 (5) The term (P2 c2 - plel) Tf dX/dt,
ax - ax in Eq (8), is the net sensible flux of

enthalpy at the phase change interface
due to the sudden jump in the specific2_T d(X+S) dX heats of the frozen and thawed volumes.

To dt +f - This term was omitted in the study by

Yuen [9], although his derivations im-
T2(X,t plicitly assumed that P 2c2  PclC. The

+a 2 0 (6) retention of this term gives better nu-
ax () merical comparisons to exact solutions.

Eq (7) can be rewritten as two col-

where location equations, see Lunardini 1101.

aT I(X,t) T 2(X,t)

&I 
= 
fX Tl(xt)dx -k ax + k2  ax

-~ xtd Ot a 2T1(X~t) aT I(X,t)(92 = fx T2 (x't)dx -Ofl 2 I ax(9
ax
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aT1 (Xt) 3T 2(X,t)

-k1  3x 2 x
(T T )

(Xt) 3T2(X,t) a (a 2 1  a2 12' (l0)a2- X) + -- ((+ - X)

Using Eq (13)

CONVECTIVE SURFACE HEAT FLUX b( l +
2 +

Heat flow from the environment, by
convection, to a volume which is under-
going phase change is shown in Fig. 2, Ib2 2
once thawing has started. This problem b (a+I) + a a (S. + l)b (15)
is physically more significauL than the v4 21 2

Neumann Problem since the ambient temp- The energy balance equation, Eq (8), can
erature and convective heat transfer are now be written
specified rather than the surface temp- 2 ($ + a a)
erature. The surface boundary condition is dF 21

dt = 2 (o 1) a 21 (a 2)C(16)
aTl(0,t)

-k - hiT - (11) and
1 ax hT T 1 0,0)]

For semi-infinite solids the following STm o + - a2 1o)temperature approximations can be used. F = 2o + )a 2l(a + 2)

22

TI  Tf + aI(x - X) + a2(x - X) (12)

+ o(+c 2 1  ) + I c 2 (17)
(T 21m 3 21m(Tf- T )

T 2 T - 2 f 0 (x-X) There is no exact solution for com-
2 Tf 6 parison to Eq (16) but it can be shown

that when 6 m = ST, = 0 (single phase
(T - T ) problem with latent heat predominating)

+ f 0 (x-X) 2  (13) Eq (16) can be solved as

Eq (12), the temperature in the re- a = -1 + Vl + 2 r (18)
gion which has changed phase, contains This is the quasi-steady solution de-
two unknown coefficients. These can be scribed by Lunardini [10]. The numeri-
found from the boundary condition at x = cal solution to Eq (16), when 6, - 0,
0 and Eqs (9, 10), giving is identical to the heat balance inte-
a a gral solution of Goodman [2]. Lozano
2 2 2 and Reemsten [17] derived an exact solu-

a1  26 (14) tion to the single phase problem. For
the constant heat flux cc e it was shown
that the exact solution is almost iden-
tical to the heat balance integral solu-

Ambient tion with small Stefan numbers [16].

T) Unfortunately the &,xact solution con-

h verges very slowly for large values of
time and Stefan number and is ineffi-

-- cient for numerical computations. Cho
and Sunderland [14] presented an approx-
imate method to the single phase case

.... which also agrees very well with Eq
X_ (16). They state that the zero-subcool-

ing case is a good approximation to the
Ix subcooling problem, however, this is not

true as the subcooling has a significant

Fig. 2. Surface convection for a effect upon the rate of phase change.
semi-infinite body The surface temperature is
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T1(0,0 - T-f r(2 + a21  )

o(0.ar_ j.7' (19)

The non-dimensional surface heat is- 8.-O 05 I

transfer rate is 12

S4//

!q* . 2 0 (20) 12 - 1 1,

(+ a2lO) + (sa21o) L

I I // "

Th rp s-r-aixfr ai sil y e , /S/

k,

Eq (16) can be solved by simple, 0-numerical quadrature. Figs. 3-12 are /
plots of the solution for some values of /, 7
Stefan number and em, with property -
ratios given as functions of the volu-
metric water content for soil systems. 4, /",The graphs a re valid for a-i so l types 

Soil S T 0. 2

since only the frozen to thawed soil 
ST. -0.5

properties ratios are needed, Lundardini Thwing
and Varotta 181. The heat balance inte- o 1o4o
gral method yields solutions which com-
pare quite well with exact solutions 

r, i"

and the graphs presented here should be Fig. 4. Surface convection for soil,
accurate for engineering estimates. xL - .25, STm = .5-

I I

I 4/ 2 402/

if I

4-/ / 4 I

I I I/ / / ; / ' ,

I I! I / / II.,
,-X / / / / .,h" , ,, /, ,

I /i, i ," ." / , 6.

,II, /

, 111,' / ,/ . ",,_ '_

I I / i ," , _ " -I</-'

l / . /o 
l.sT..o.

Il t . c.. I I / /

20ow 40 40a Thawing

20 408 0 0 20 4 0 G

Fig. 3. Surface convection for soil, Fig. 5. Surface convection for soil,
at 0, STm .5 I " .50, S.U - .5
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12 -- -- /

/ I

4 11soil x1=(M5 4 1 Soil %,.I
ST. 2 

ST2

- Freezing Freezing

-- Thawing ThawingI L 
/ / I

20 40 s 1 20 40 60

Fig. 0. Surface convection for soil, Fig. 12. Surface convection for soil,
xI , .50, ST,/ 2.0 xx 1.0, STm .2.0

20 , , affected by both mechanical and thermal

turbulence and the usual convective heat

transfer correlations are of limited

Is- 6. 2-54value since they are essentially for
0s9"7  

neutral stability associated with a log-
I /2 arithmic velocity profile. Deacon [13]

I /,

has shown that the velocity profile de-

4 viates from the logarithmic form when

12- the atmospheric stability is not neu-

tral. The aerodynamic method, with an

k x 
analogy between momentum and energy

k transfer, has been used to obtain rela-

a- tions for the surface coefficient of

heat transfer, Lunardini [15, 16. The

velocity and temperature profiles areassumed to be established horizontally.

/ The heat transfer coefficient is given

4 iSo x,. .75 by

-- F~an -Freezing2

-Thawing ( stable

i Th., '-F -") (a .88)
0 20 40 60 s 0 0 4

Fig. I. Surface convection for soil, h .p 2 Sra neutral (21)

S- .75, ST' - 2.0 U1 2 (z -2 .

SURFACE COERFFICIENT OF CONVECTION 2(-0)
2

The proper choice of the surfaceheat
coefficient of heat transfer, h, is dif- 

o o

ficult due to a lack of data. Convec- Unstable

ti e heat transfer in the atmosphere is t a s i t i s
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Eq. (21) relates the surface coef- quite accurate with a worst case accu- I
ficient to the atmospheric stability, racy of less than 15%, Lunardini [16).
surface roughness, and wind speed. For most soil systems the accuracy is
Values of the surface roughness are within 5%.
given in Lunardini [101. Quantitative values have been ob-

tained for the previously unsolved case
of convection at the surface of an in-

EXAMPLE finite medium. These results generalize
the widely used Neumann solution and are

Calculate the time required to applicable to the same physical situa-
freeze a one meter layer of soil with a tions with similar calculation effort.
convective boundary condition. Consider The results only consider conduc-
a fine grained soil with a density of tive heat transfer and should be con-
1670 kg/m3 and a water content of 15%. sidered first approximations if convec-
The surface is smooth soil with zo = tion occurs.
10-4 m, wind speed of 4.83 m/s at 1.6 m
above the surface, and a moderately un-
stable atmosphere with 0 - 1.08. The REFERENCES
following properties will be used:

1. Goodman, T.R., 1964, "Application of
cl - 1015.2 J/kg K To = 24.7"C Integral Methods to Transient Non-
ki - 1.54 W/m K T. - -24.7*C linear Heat Transfer," 52-122, Ad-
a1 - 8.92 x 10- 7 m2 /s Tf = 0C vances in Heat Transfer, Vol. 1,
pt _ 5.01 x 104 J/kg T.F. Irvine and J.P. Hartnet., Eds.,
h - 30.09 W/m2 K (From Eq. 21) Academic Press, New York.

2. Goodman, T.R., 1958, "The Heat Bal-
Then 0m = STm = 0.5, and a = 20.0. ance Integral and Its Application to
Now xt - 0.25 and from Fig. 4, /- = Problems Involving a Change of
23.12, thus the time to freeze the layer Phase," ASME Transactions, 80,
is t - 35.2 days. With a stable armo- 335-342.
sphere h will be about one tenth that of 3. Goodman, T.R., anc J.J. Shea, 1960,
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Using the Newmann solution, with ASME, 16-24.
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tive resistance, h/k, increases the Fusion Temperature," Int. J. Heat
solution approaches that of the Neumann Mass Transfer, Vol. 5, 525-531.
problem. 5. Lardner, T.J., and F.V. Pohle, 1961,

"Application of the Heat Balance
Integral to Problems of Cylindrical

CONCLUSION Geometry," Trans., ASME Ser. E.,
Vol. 83, No. 2, 310-312.
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can be applied to conduction problems the Heat Balance Integral Method Ap-
with phase change to obtain good, ap- plied to a Melting Problem," Int.
proximate, solutions. The method is J. Heat Mass Transfer, Vol. 21,
particularly useful for soil systems 1357-1362.
since the nature of soil systems often 7. Lunardini, V.J., 1980, "Phase Change
precludes obtaining accurate data on the Around a Circular Pipe," U.S. Army
thermal properties. Cold Regions Research and Engineer-

The main value of the collocation ing Laboratory, CRREL Report 80-27,
method is that it provides an explicit Hanover, N.H.
relationship between the phase change 8. Lunardini, V.J., and R. Varotta,
depth and the temperature disturbance 1981, "Approximate Solution to Neu-
depth. This uncouples the system of mann Problem for Soils Systems," J.
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problems and can lead to closed form 103, No. !, 76-81.
solutions or to reduced numerical ef- 9. Yuen, W.W., 1980, "Application of
fort. The collocation solution of the the Heat Balance Integral to Melting
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Nomenclature

b 2 2k21 e + a2 zo  - surface roughness21 m 21 Tm zi - reference height of wind

c - mass specific heat velocity
cp - specific heat of atmosphere a - thermal diffusivity
C = c2 /cl a2 1  - a2/01
h - surface coefficient of 0 = atmospheric stability

convection parameter
k - thermal conductivity 6 - temperature penetration depth
ko  =0.4 von Karman constant - c1 (Tf- To)/t
k2 l k2 /k1  m f 0
L - mass latent heat of fusion - integrated temperature
q - surface heat transfer rate per p - density

unit area o = hX/k1
q* q(T - T f)/h = h2 (T -- Tf )(t - t)/(lk, )

= h6/k 1

S Tm c 1 (T- Tf)/I, Stefan number W,

t - time Subscripts
to - time at which phase change

starts 0 - initial value
T - temperature 1,2 - thawed and frozen regions, for
uI  - wind speed at z1  thaw case
x - cartesian coordinate a - atmosphere
x1 - volumetric water content f - fusion value
X - phase change depth - - ambient value
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THERMAL MODELING OF FREEZE-THAW
DEPTHS IN SOILS

Alfreds R. Jumikis,
Department of Civil and Environ-
mental Engineering

Rutgers, The State University of
New Jersey

P.O. Box 909, Piscataway,
New Jersey, 08854 USA

ABSTRACT
Good highway, airfield runway and In thermal modeling of artificial

other structures in cold climate require freezing soils systems there enters in-
frost-proof designs although practice to calculations the diameter of the
frequently falls short cf this ideal, soil freezer pipe. Because usually the
It is mainly for these reasons that soil freezer (and thawing) pipe has an
engineers are now interested in calcu- annular cross-section having an annular
lations of freeze-thaw depths in soils, space between the inside and outside

Basically, all contemporary thermal pipes, the so-called equivalent diameter
calculations in permafrostology and should )-e figured out and used for the
cryogeotechnical engineering pertaining diameter in modeling of soil thermal
to freeze-thaw depths in soils are based systems where appropriate. The comp-
on the well-known Saalsch6tz-Stefan utation 3f the equivalent diameter is
formula (1856-1890). This formula, in shown in this paper.
its turn, is based on the classical
Fo,-ler's law (1824) of heat conduction. As a result of cryogeotechnical

uAsralresult ofecryogeotechnical
nerally, complex thermophysical activities in thermal soil mechanics,

processes in soil which cannot be effec- soil freezing and thawing problems are
tively studied theoretically, can beimittedby educd o inreasd sale now being paid increased attention.
imitated by reduced or increased scale Thermophysically, soil freezing and
models. thawing are complex heat transfer pro-

This article presents a discussion cesses. Mathematically, the thermalon thermal modeling of freeze-thaw depth processes can be represented by
of the Saalschdtz-Stefan formula. Fourier's .rtial differential equation

The modeling shows that it is cor- coupled with a set of initial and com-
rect in model frost freezing tests to plex boundary conditions. Usually,
work with the same temperatures as they integration of such Fourier equation in
are to be expected in the in-situ proto- a general form for soil freezing or
type. thawing is mathematically very involved

The time of duration for modeling addfiut hsi obcuesi
should not be assumed arbitrarily, but addfiut hsi obcuesi

should be derived from the model time is not exactly a homogeneous, isotropic
solid, but is a porous heterogeneous

scale.
Modeling renders reliable informa- material, and that it is quite difficult

to comprehend mathematically all thermo-
tion that helps to evaluate the perfor- physical processes and associated fac-
mance of the prototype, and adds a cer- tors that occur in a freezing or thaw-
tainty to design which can never be ob- i ag soil system. Even if the solution

tained from mathematics alone. Model-
to the heat cunduction problem were

ing may warn against errors in prototype known, the mathematics of its numerical
design. evaluation is frequeitly bogged down
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with burdensom impediments. This ex- d x (2)
plains why, during the course of time, dt QL ax
various assumptions for the approxima- Equations (1) and (2) are good for the
tion of a solution to a soil freezing- model as well as for its prototype.
thawing problem were introduced, assump- Here
tions which oversimplify the actual T - variable temperature, 0C
thermal problem considerably. t - time

THERMAL MODELING BY SIMILARITY a - coefficient of thermal
diffusivity, m2/h

Soil freezi.g and thawing systems x u depth coordinate, m,
can also be studied by method of thermal Ts . surface (microclimate)
modeling by similarity on either reduced temperature, 0C
or enlarged scale. The thermal modeling - frost penetration (- thickness
is an approach in which no simplifying of frozen soil), m
assumptions need to be made. Tf - freezing temperature

In this article, the following QL - volumetric latent heat of
basic thermal modeling scales are used fusion, kcal/m3

(subscripts p and m mean prototype and
model, respectively): QL W LW'Ydry = (80),w.ydry

1) geometric or linear scale: L - mass latent heat of fusion
Lp/L ' X, where L is a linear dimension 80 kcal/kg

2) time scale: w - moisture content of soil by dry
t / t, weight,

t dry = dry unit weight of soil mineral

where t - time particles, or skeleton, kg/m
3

3) velocity scale: T = temperature gradient, °C/max
v /v - (L /t )(t /L )=X/r; ax
p/Vm  p m/ m )  /2T - change in temperature gradient,

when tp = tm, then T =1 , ?T Oc/mz

and v/v = Kf = coefficient of thermal

conductivity of frozen soil,
4) temperature scale: kcal/(m-h*oC)

Tp/Tm  0 2. Basic Modeling Scales

where T - temperature L T t
_ J . X ; = K ; - k - 0 , -k - T

METHOD OF ATTACK IN THERMAL MODELING L m Kfm T M t m

Because the Saalschfitz-Stefan
formula (1856;1890) is a special soiu- Assume QL .QL * Then QL
tion to the Fourier's general partial p m P - 1.0
differential equation (i) QL

(1) U
= a •3. Modeling

Now, by using the appropriate basic
for one dimensional heat conduction in modeling scales X, 8 and T, write
orthogonal coordinates (Refs. 3 and 7), Fourier's differential equation (1) for
the frost problem in soil may be modeled the prototype:
based on the Fourier's heat conduction I2
equation (1) as set forth. T G () • . 0
1. Mathematical Statement of Problem at " m Fx (J)

a) 'T _ * a2T This equation states that both processes,
Fir "in the prototype and in its model, are

thermally similar whenb) at x - 0, T - Ts  /v 4

c) at x - , T - T f oO0C a

d) continuity condition for heat

flow (rate of freezing depth) through From this equation, the modeling law is

the frozen soil: (5)
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Eq. (5) can be rewritten as tures as they occur in the nature
(-prototype), then modeling of Eq.(ll)

P m =Fo (6) results in
(ap )(t ) (am )(tm) 0 f.i (const). €r, (12)

where F is the Fourier's coefficient and
(dimensionless, representing the well- T _A2 (7)
known Fourier's thermal modeling law.)

If ap a , then Eq. (5) can be which is the same result as obtained
m from modeling the Fourier's partial

specialized as T= X 2, (7) differential equation (see Eq.7). By

i.e., the freezing time of the sail inethe ototypeezing tiMe tht of the omeans of Eq. (7), the frost penetrationthe prototype is X2-times that of the depth p can be modeled.

soil freezing time in the model, i.e., p

t = tm 2.
p tm  A NOTE ON THE EQUIVALENT DIAMETER OF

Notice from Eqs. (4), (5), and (7) that SOIL FREEZER-PIPE USED IN THERMAL
the temperature modeling scale e vanish- MODELING
ed from the thermal similarity condition.
Hence, modeling shows that it is correct Relative to pipes with an annular
in model freezing tests to experiment cross-section, Nusselt (1917) found

with the same temperatures as they are that for pipe sections other than
to be expected in the in-situ prototype. circular, the so-called equivalent

Notice also from Eqs. kl.), (6) and diameter de  should be figured out and
(7) that the time of duration for ther- used for th3 diameter in calculations
mal modeling should not be assumed where appropriate.
arbitrarily, but that it should be de- The equivalent diameter d calculates as
rived from the modeling time scale. 4.A eq

By means of Eqs. (5) and (6), the eq [i] (13)
frost penetration depth can be modeled:

t 2 2 In this equation,
- fam .~ I L-- p -- (8) A- area of the cross-section of the

& annulus, in inm and
m  p U= that part of the circumference of

and the outer pipe through which heat

(9) between the coolant and soil is
p n ) exchanged, in m, (Jumikis, 1978,

1980).
If ap = am, then For example, in a concentric, annular

cross-section whose internal diameter
p= m / (10) of the outside pipe is D (pertaining to

the heat transfer surface pipe-soil),

i.e., the frost penetration depth _ in and the outside diameter of the inner

the prototype soil is /T -times tha? in (feeder) pipe is d, the equivalent dia-

the model, meter deq calculates as

4. Modeling of Freeze-Thaw Depth by 4r(D2 - d2) D
Means of Saalschatz-Stefan formula. d - 2 -d 2 [m](14)

The freeze-thaw depth & in soil may eq U 41rD D

be modeled by using the Saalschutz-

Stefan (1856-1890) equation SUMMARY AND CONCLUSIONS

2Kf*I(Tf-I T-t 1. Basically, all contemporary ther-
_- - const.w4 - (11) mal calculations in permafrostology and

QL cryogeotechnical engineering pertaining
to freeze-thaw depths in soils are based

As mentioned before, the Saalschutz- on the well-known Saalschfitz-Stefan
Stefan formula (Eq.l1) is a special formula (2, 3, 4, 5). This formula, in
solution to the Fourier's general its turn, is based on the classical
partial differential equation, Eq.(1), Fourier's law of heat conduction (1, 3).
for one-dimensional heat conduction in 2. Generally, complex thermophysical
orthogonal coordinates, processes in soil which cannot be effec-

If Kfp = Kfm; QL - QL ; and 4f tively studied theoretically, can be

p m imitated by reduced or increased scale

one experiments with the same tempera- models.
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3. Thermal modeling h,., ... tan, J., 1890, "Uber die Theorie
is correct in model soil freezing tests der Eisbildung im Polarmeere,"
to work with the same temperatures as Sitzungsberichte der mathematisch-
they are to be expected in the in-situ naturwissenschaftlichen Classe der
prototype. Kaiserlichen Academie der Wissenchaften,

4. The time of duration for modeling Wien, 1890, Vol. 98, Sect. Ila, pp.965-
should be complied with the model rime 983.
scale.

5. Thermal modeling is of great
value in exploring new processes; in
improving design and exploitation tech-
niques; in proving or disproving the
correctness of the assumptions made in
the analysis and design of the experi-
ment and prototype in situ, and in
warning against errors in prototype
design. Therefore, thermal modeling
is a useful, practical engineering
design tool.

REFERENCES
1. Fourier, J. B. J., 1824, "Theorie
du movement de la chaleur dans les corps
solides." Paris: MWmofres de
l'Acadimie Royale des Sciences de
l'Institut de France. Tome IV (for year
1819). Translated from the French by
A. Freeman, 1955, The Analytical Theory
of Heat. New York, N.Y.: Dover Publi-
cations, Inc.
2. Jumikis, A. R., 1966, Thermal Soil
Mechanics. New Brunswick, New Jersey:
Rutgers University Press, pp. 107-109.
3. Jumikis, A. R., 1977, Thermal Geo-
technics. New Brunswick, New Jersey:
Rutgers University Press, pp. 199-204.
4. Jumikis, A. R., 1978, "Some Aspects
of Artificial Thawing of Frozen Soils."
Proceedings of the International
Symposium on Ground Freezing, held
March 8-10, 1978, at the Ruhr Univer-
sity, Bochum, Germany, Vol. 1, pp.183-
192.
5. Jumikis, A. R., 1979, "Thermal

Modeling of Freezing Soil Systems."
Proceedings of the 2nd International
Symposium on Ground Freezing, held June
24-26, 1980, at the Norwegian Institute
of Technology, Trondheim, Norway, pp.
470-483.
6. Nusselt, W., 1917, "Der Warmejber-
gang im Rohr." Zeitschrift des
Vereins deutscher Ingenieure - Z. VDI,
Vol. 61, 1917, pp. 685-689.
7. Saalsch~itz, L., 1856, "Uber die
Wirmeverinderungen in den h~heren
Erdschichten unter dem Einfluss des
nicht-periodischen Temperaturwechsels
an der OberflAche." Astronomische
Nachrichten, Altona, 1856, Vol. 56.
No. 1321 - 1323, pp. 1 - 44

No. 1331 - 1333, pp. 161 - 206
No. 1338 - 1339, pp. 273 298

216



APPLICATION OF TIME-DOMAIN REFLECTOMETRY
TO DETERMINE THE THICKNESS OF THE
FROZEN ZONE IN SOILS

T.H.W. Baker Division of Building Research, National Research Council
of Canada, Ottawa, Ontario KIA 0R6

J.L. Davis Xadar Corporation, Springfield, Virginia 22151

ABSTRACT

Time-domain reflectometry (TDR) is laboratory experiments will be presented
an electromagnetic pulse technique that to show the application of this technique
has been used to measure the dielectric to determine the thickness of the frozenconstant of soils at frequencies between zone in coarse and fine-grained soils.
1 Mz and I GHz. The dielectric constant The location of the freezing boundary us-
of water is 40 times that of ice making ing TDR will be compared with temperature
it possible to delineate the frozen/un- measurements and interpretations from
frozen interface in soils. Results of X-ray photographs.
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STUDIES OF PERMAFROST GROWTH AT
AN ARCTIC DRAINED LAKE SITE

A. Judge Earth Physics Branch, E.M.R., Canada
M. Burgess
A. Taylor
V. Allen

ABSTRACT

Illisarvik Lake on Richards Island, frost had formed at central sites, and
Mackenzie Delta, Canada, was artificially 6) in the unfrozen sections temperatures
drained in order to Investigate the growth were close to 0"C. A two-dimensional
of permafrost. Thirty-four boreholes finite element computer simulation of the
were hydraulically drilled to depths formation and growth of Illisarvik sug-
ranging from 15 to 92 m below lake level gests a minimum lake age of 900 to 1000
and were instrumented with temperature years. Post-drainage conditions in the
cables. Monitoring of ground temperatures first year after drainage were modeled by
beneath the lake and surrounding shore- studying the microclimatic regime together
lines prior to drainage delineated a bow- with the ground thermal regime. Although
shaped talik extending up to 32 m below the predicted profiles agree reasonably
lake bottom. Characteristics of the pre- well with measured temperatures, the anal-
drainage temperature profiles in the can- ysis has indicated deficiencies in the
tral lake holes were: 1) an upper unfro- observational programe which are now
zen horizon in which temperatures reached being partially rectified. Several of the
a maximum of 2.5"C at roughly 5 m below instrumented drillholes have been equipped
lake bottom, 2) a permafrost table at with data-loggers recording every four
depths of 20 to 32 m in the central part hours on magnetic tape to study the near-
of the lake with consistently negative surface thermal regime and to establish
temperature below, 3) negative tempera- precise surface boundary conditions.
tures below the 5-m maximum temperature, Automatic time-lapse cameras are being
averaging 50 m

-
m1 in the permafrost sec- used to observe the pattern of snow cover

tion. Two years of post-drainage temper- and the behavior of the residual ponds on
ature monitoring revealed 4) that the the drained lakebed. A geotechnical drill-
former talik had completely frozen at ing programe to recover core mate-al is
near-shore sites (10 m thick of less), planned for the spring of 1982.
whereas 5) only 5 to 6 m of new perma-
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INITIAL STAGE OF THE FORMATION
OF SOIL-LADEN ICE LENSES

Dr. Shunsuke Takagi, U.S. Army Cold
Regions Research and Engineering
Laboratory

ABSTRACT found that their formulation has the

potential capability of explaining most
O'Neill and Miller's equations for of the empirical rules observable in a

frost heave in the saturated soil/water saturated soil/water system. This
system, presented in the 2nd l.S.G.F. at potential capability seems to have been
Trondheim, reduce to heat conduction generated when Miller [21 added to the
equations on introduction of two simpli- thus-far-built body of the theory a new
fying assumptions. The reduced equa- element, i.e., the formulation (if
tions are solved by use of the recently simplified) of the flux of the thermally
developed analytical method that can induced regelational flow of ice. The
solve the Stefan problem with arbitrary objective of the current paper is to
initial and boundary conditions, present an indication of this potential

The initial study of the solution capability.
shows that both the lensing front and O'Neill and Miller's [I1] equations
the penetration front descend in propor- reduce to a type of heat conduction

tion to Ft but the ice lens rises in equation on the introduction of the
proportion to t, at least for some time following two asiumptions: 1) densities
after the start of the lensing. The of water and ice are equal, and 2) the
descent of the lensing front means that ice content vs freezing temperature
soil particles are picked up during the curve [Fig. I in ref. 11 is composed of
ice lens formation of soil-laden (dirty) rectilinear sections. The reduced heat
ice lenses, while the traditional ice conduction equations are solved by use
lenses are soil-free (clear), of the recently developed analytical

Penner observes that the above method [Tao, 3] that can solve the
temporal relationships last much longer general type of Stefan problem (the
than the initial stage. Computation of problem of heat conduction with phase
the solution for a long time is now in change) in one dimension with arbitrary
progress. It is hoped that the mathema- initial and boundary conditions.
tical basis of Penner's contention will Analysis of the problems show that
be disclosed. the frost-heaving soil column has two

internal boundaries, the penetration
front and the lensing front. Let x =C

I NTRODUICT ION be the top of the soil column at time
- 0. Assume that frost heave starts at

O'Neill and Miller (11 proposed a time t - 0 at x - 0. Let x - 8(t),

mechanism of frost heave In saturated p(L), and -h(t), where x is positive
soil/water systems. Their test case downward, he the coordinates of, respec-
solution, a finite-element simulation of tively, the lensing front, the penetra-
the evolution of a frost heave, is tion front, and the top of the soil
plausible and looks like a replica of a column that is heaving. According to
laboratory specimen. Moreover, it is the theory of the Stefan problem, they
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are expressible in the series .,ial to -dh/dt on the equidensity

assumption, is infinite at t - 0. In

addition, the flux v(t) in the unfrozen
s(t) - S 0 + st ..... region is constant with regard to the

space coordinate because the water fills

p(t) po / + P + (1) the pores that are assumed to be rigid.
..... It is impousibie to create a flow

satisfying these conditions.
h(t) - h 0rv + h 1t + ..... The theory of the Stefan problem

shows that the t-mperature T~
n
a at the

The solution of the initial stage shows lensing front is .pressible in a series

that of /t

h = 0 (2)

but T
n s 

. Ti
n 

+ T I
n s  + .. (5)

p > s > 0. (3)
0 0 It will be seen that T 

n s 
is formulated

The region between the penetration front 0

p(t) and the lensing front s(t) is the by use of the condition h, = 0.

frozen fringe (the spreadout freezing Mere mathematical processes are not

zone) which descends with time. If the presented in this paper. Therefore,

condition presentation is not made of the deriva-
tion of p0 and so, which are the

h, > 0 (4) roots of the simultaneous transcendental

is satisfied, the assumed frost heave equations characteristic of a Stefan

can begin. In this analysis the problem. The derivation of po and

temperature on the top x 
= 

-h(t) is the so will be included in a future paper

step change applied at time t = 0. dealing with the evolution of soil-laden

The descent of the lensing front ice lenses.

implies that soil particles are picked

up during the formation of the ice
lens. Therefore the ice lens formed by O'NEILL AND MILLER'S EQUATIONS

O'Neill and Miller's mechanism is soil-

laden (dirty), while the ice lens in the O'Neill and Miller's differential

traditional concept is soil-free equations apply to the frozen fringe.

(clear). The soil-laden ice lens has (Actually they apply to the unfrozen

been experimentally observed many times region and the ice lens also. But, if

but is formulated for the first time in these applications are discussed, a lot

this study, of trivial explanations, which are

Equations (2), (3), and (4) show completely avoided in this presentation,

that the intrusion of the freezing would necessarily be added.) They

fronts in the saturated soil/water consist of the conservation of mass

system is proportional to Ft but the + p8) + -(pv + pv, 0 (6)

heaving is proportional to t, at least t ii ax ii
soon after the initiation of ice lens- and the conservation of energy

ing, when the step-change temperature is

applied to the top of the soil column. )(pce) (Kh
Penner [4,5] observed that these tempor- n at ax x
al relationships held much longer than (7)
the initial stage under this loading Be I e

condition. The usual experimental - P L (-;3 + V---) I 0

assumption, also adopted by him, that
the freezing front is simply the OC In (6), p and pi are the densities of
isotherm does not matter to our inter- water and ice, 0 and ei the volumetric
pre~ation of his data. Study of the contents of water and ice, v and vi

coefficients in the series in (1) that the fluxes of water flow and (thermally

are higher than those included in (3) induced regelational [Miller, 2]) ice
and (4) is now in progress. It is hoped flow. v, vi, and x are defined to be

that this study will disclose the analy- positive downward. In (7), T is the
tical basis of Penner's contention, temperature on the Celsius scale (in

The reason that (2) must come about conformity with the usage in the ex-

is that, if ho * 0, the flux v(t) of tended Clapeyron relation by Miller and

the water in the unfrozen region, which Koslow [6]) V, is the flux of the flow
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of ice in the ice lens (defined to be The conservation of energy is expressed
positive downward) that is equal to the by
rate of the rise of the ice lens, which H + r
in our notation is t ax W

V I =-h , (8)
I .which becomes (7) on substitution of

and Y(PcO) n (which is henceforth (14), (9), (15) and (16), using (6) and
replaced with R) is (11), and neglecting numerically trivial

terms.
R = pc0 + Pi c 01 + p c s , (9)

where c, ci, and ca are the specific SIMPLIFYING ASSUMPTIONS
heats of water, ice, and soil, and Ps
and 0s the density and volume content Two assumptions are introduced: the
of soil, respectively. Kh and R are equidensity assumption,
assumed to be constant, even though the
content of pore ice is variable. P, P = P (17)

and 88 are constant in space and
time. The relation and the assumption of the sectional

linearity of the ice content vs freeziig
e + 81 + es 1 (10) temperature curve.

The equidensity assumption
holds. For a simple treatment, the decomposes equation (6) into two
regelational ice flow [Miller, 2] is equations
assumed to be uniform in the region
occupied by the pore ice, 0 i o 8°

vi = 01V I . (11) v + v- V I W

The mass balance at the lensing front Reference to (10) shows that 0 in
shows that the equation (18) 1 is constant in space and time.Reference to (12) shows that (18)2 is

P i = .iV i + P v (12) correct, where Vi(t) is a function of
t only. Moreover the equidensity

holds at x - s(t). assumption reduces the extended form of
Formulation of (6) is readily the Clapeyron equation [(2) in ref. 61

understandable, but formulation of (7) to
needs an explanation, which, however, is LT/T (19)
not given in ref. 1. To derive (7) let u - ui k
h, hi, and hs be the specific en- where u and ui are the pressures of
thalpies of water, ice, and soil,respectively, given by water and ice, respectively, and Tk "

273. Finally the equidensity assumption

h - cT + L reduces equation (3) in ref. 6 to
hi = C iT (13) * - BT ,

h s c T Where B is a constant. By this

Note that L is on the right-hand side of equation, Fig. I in ref. 1 becomes
(13) 1. Substitution of the equations in simply the ice content (0 ) vs

(13) into the total heat content in unit freezing temperature (TC) curve.
volume Taking the simplest case of thesectional linearity, we assume the

H - pOh + Pt th + P ssh single ramp formulation (Fig. 1),

transforms it to

H = RT + POL . (14)

Let q and r be the conductive and con-
vective heat flows, both defined to be
positive downward, given by

q - -Kh(baT/ ax) (15)

and ¢
Figure 1. Single-ramp formulation of

r = (Pcv + Pictvi)T + PLy. (16) the ice content (0i) vs freezing
temperature (TOC) curve.
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8 =0 for T>T T TT-

a(T - T) for T > T > T (20)
p p f

= 6 for Tf > T ,Tfn Lensing Front M

where a, Tp, Tf are constants such
that Penetration Front pt)

o = a(T - Tf) . (21)
0 p f Constant Hydraulic

T is the temperature at the penetra- Pressure

Jon front and Tf is such that at
temperatures lower than Tf the pore
and film waters are all frozen. Use of T a,,T
(20)2 and (8) reduce (7) to

Figure 2. The frost-heaving soil column
* at time t.

(R + pLa)-E - pL a h -

o . (22)
y - x + h(t) (24)

The flow of liquid water determined whose origin is at the top of the rising
in the frozen fringe and the unfrozen ice lens, changes (23) to
region by these equations is along the
gradient of temperature. The flow of Ti ai
liquid water against the gradient of i i
temperature that may occur prior to at = i (25)

lensing (recognized as the expulsion of
liquid water that may occur at the The temperature Ta in the frozen
beginning of a freezing experiment) is fringe is governed by (22), which
the effect of the unequal densities and becomes
is not included in this paper.

3T 8T

a * 2 a
HEAT CONDUCTION EQUATIONS - K a a 2 (26)

Suppose that a soil column, where
composed of a uniform soil, saturated
with water, and at constant temperature p - pLa/(R + pLa),
T. > 0*C, extends downward from the K a K./(R + pLa) . (27)
surface x = 0 to x - -. At time t - 0, h
the surface temperature at x - 0 is
suddently cooled to To < OC, and is Transformation of the x coordinate to
kept at this constant value for t > 0. the z coordinate,
It is assumed that frost heave starts at
time t - 0 at x - 0. For time t > 0, z - x + ph(t) (28)
the surface rises to x = -h(t), and the
lensing front and the penetration front changes (26) to
descend to x - 9(t) and p(t),
respectively (see Fig. 2). aT a2T

The temperature Tj in the ice a - K -- (29)
lens that is rising at the velocity -h t 

2  "

is governed by the equation
The temperature Tu in the unfrozen

3T Ti a 23 region is governed by the equation
-T- --h- - K 22 (2) azr

-- a (30)
where K, is the thermal conductivity u x2
of the ice lens. Transformation of the
x coordinate to the y coordinate, where K u is the thermal diffusivity of
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.Ins
the unfrozen soil saturated with water. hl, and T 0n, are determined without use
Thus, the temperature distributions in o

the hreeregons re ll rducd tothe of the formula for expanding f(g(x)),
the three regions are all reduced to the rediscovered by Tao [3]. The limit of
standard form of the heat conduction the derivative af(x,t)/ h of a function
equations. f(x,t) on a boundry as time t approaches

zero will be computed after multiplying

GENERAL SOLUTION OF THE STEFAN PROBLEM /-. This limit will be henceforth
called the r" limit. For example, by

Protnov [7] noticed that the stand- use of (33), one finds that the r" limit
ard form of the heat conduction equation of the temperature gradient at x - s(t)

ar ITon the side of the frozen fringe is

T 2 (31) given byt a2 
a

yields the general solution lim/-- x  B
tO x-s(t) , 0a

T(x,t) - I (4'c) JA Gn (- )+ (s + Uh )2 (34)

n-o nn F-Z* exp[- [4 0

B inerfc x} (32)
nc DETERMINATION OF ho

(which is written here with Tao's [3] In the unfrozen region, which is

notation), where Cn ( ) is a poly- saturated with water, the flux of pore

nomial and inerfc( ) a repeated inte- water v is a function of time only,
gral of the error function. Takagi [8]

indicated the potential applicability of equal to - i.e.,

this formula to the frost heave prob- VW (35)

lems, and Tao [31 resolved a difficulty

that had still persisted in this Then, reference to ()3 shows that ho
approach. must be equal to zero,

Theoretically, a problem of heat h 0, (36)

conduction with boundaries moving in the o

form of (1) is solvable by use of (32). because if ho  0 0, the flux at t = 0
The difficulty that still persisted in is infinite throughout the unfrozen

this approach is the determination of regin.

the coefficients in the series in (1), region.

(5) and (32) by use of the initial and

boundary conditions. The determination CONDITIONS FOR LENSING
needs a formula giving the expansion of

a function of a function f(g(x)) into a
power series of x . Tao [3] found the The concept of neutral pressure in

formula for the expansion in an old book soil mechanics was extended to the

of statistics. The formula is so com- freezing saturated soil/water system by

plicated that it probably was useless Miller and Koslow [6]. The neutral

before the dawn of the computer age. It pressure Ontr is formulated by

is now practicable to substitute x in
(32) with a series of (I) and expand it 

0
ntr Xu + (l-X) ui , (37)

into a series of Ft so that the con-

stants in the series in (1), (5) and where X is a stress partition function.

(32) may be determined by use of the O'Neill and Miller [11 use

initial and boundary conditions.
In this paper only the n 0 term X / 2 (38)

in series (32), X o .i(38)

The condition for lensing [Miller,
T(x,t) 

= 
A + B0 erfc(x/4 -- ) 2] is that 

0
ntr reaches the maximum P

at the lensing front,

is used. The constants associated with

the n - 0 terms, i.e., so , PO, ho,
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%ntr P in 1 w flux v(x,t) of the liquid waterin tile frozen fringe will be formulated
au (39) by use of (18)2. Substituting (8),

ntr - 0 at x - s(t), (11), and (20)2 into (18)2, and employ-

ing the notation Ta in (26), it is

where P is the total load working on the given by
plane of lensing. v(x,t) -- T[i- p + aT a(x,t)]. (47)

pa

EQUATIONS OF THE FLOW OF UNFROZEN WATER

On the other hand, equation (23) in
It will be shown that conditions ref. I gives the hydraulic conductivity

(39), and (39)2 determine the pressure for the unfrozen water flow in the
distribution and the pressure gradient frozen fringe, use of which yields
of the unfrozen water at the lensing
front. For simple treatment, we define v(x,t) - - k(O) Q(x,t) 7 (au/ax), (48)

Q = 1 - 1/e0  (40) where k(O) Is the hydraulic conductivity
in the unfrozen region. Equating (47)

Substituting 0i from (20)2, we find with (48), the gradient of the unfrozen

the functional form of Q in the unfrozen water in the frozen fringe is

region, formulated,
Q(x't) - I - (a/6o)(T - T (x,t)). (41) _-u _ - I Q(x,t) - 7 [1 - orp

0 p a az k( O) h p~Y [ I1

Then X in (38) is formulated, a Ta(xt)] (49)

3/2 where
Xs Q(xt) (42) (t) < x < p(t). (50)

Eliminating ui in (37) by use of (19), The above equation yields that
we find the distribution of the hydrau-
lic pressure in the frozen fringe, l uim Ft 2 0 (5)

u(x,t) - antr + (LP/Tk)[1 - Q(xt)
3 / 2 ]* ax x-8(t)

because the left hand side is, by (49),
Ta(x,t). (43) proportional to ho , which is equal to

zero by (36).

Substituting Ontr from (39)1, u(s,O),
the pressure of liquid water at the
lensing front at the time of lens FORMULATION OF TIns

initiation is found, 0

3/2 Rns Comparison of (51) with (46) shows
u(s,O) - P + (LP/Tk)(1 - Q )T (44) that the equation

where Qo stands for 1 - Q3 2 - (3a/2o) Q/2 T
0 0 0 0

0 1 - (a/e0 ) (T - TRnS)o (45) must hold at the lensing front.

Multiplying by Q-/2 and substituting
The rt limit of the hydraulic gradient (45) the above equation transforms to
at the lensing front is calculated by
use of (43) and (39)2 s - -O1) T + (5 /2 0o)  T hIs .Q-l/2.

0u LP (1 o3/20 0

t+O ax x=s(t) k 0 Squaring this equation and multiplying
by Qo produces the equation for deter-

20 Qo . (46) mination of Tns,

0 t00 x2s(t) 28
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Letting

(a/eo ) TIns T

1 - ( oTp = A, (52) 1

the equation for T Istransforms to the0
equation for ,

[X + (5/2)T]' (X + T) 1.-

Use of the unknown x, defined by -2'K14

5T - X(x-3), (53)

transforms the equation for T to the
cubic equation of x,

x 3 -3x + 2 - 20 A 3 =0 (54) 11 .

To survey the range of the roots of -5
(54), the graph of the inverse of (54), -4 -2 0 2 4a --

A3 = 20(x-I)- 2(x+2)-' (55) Figure 3. X3 as a function of x in (55).

is useful. As shown in Fig. 3, there
are three real roots in the rang, X1>5
and one real root in the range X <5. T1 nS .(Tp/5) (59)
Let # be defined in the domain 03)(-) (59)

0 < < ii (56) Thus, we see that TAns is determined

0

by when T and o/8o are given. It is
obvious from (52)2 thattan - f20(X 3 - 5)]1'2,'( 10 - A 3). (57)

A > 1. 
(60)

Then, the three real roots are
Fig. 3 shows that the domain of x that

x, - 2 cos(*/3) for I < x 1 < 2 satisfies (60) is

-2 < x < 3. (61)
X2 - - cos(*/3) + V1 sin(#/3) (58)

for I <_ x1 < 2 In addition to (60), the condition

Ts < T0 (62)
x3 - - cos(#/3) - ,4 sin (4/3) o - (62for -2 ( 13< -1.

needs be satisfied. Use of (59) in (62)
The inverse of (57) is yields the inequality

A3 . 5 sec 2(#/2) >(3-x)/[5(A-1)] > 1,

in the domain (56). which use of (60) transforms to
Eliminating T and a/8 o from

(5?)1, (52)2, and (53)3, t find 0 < A(x 4- 2) < 5.
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Figure 4. TJS/T I Q.0 and J as a function of x in the

domain -2 < x < 1/7.

By forming the cube and substituting A3  FORMULATION OF hl.
from (55), the above inequality trans-
forms to Formulation of the liquid-water

flow needs an additional assumption that
4(x+2) < 25(x-1) (63) the pore water pressure be kept constant

at some point in the unfrozen region,

The range of x that satisfies (61) and i.e.,
(63) is

u - u at x I x (68)

-2 < x < 1/7 . (64) where
x > p~t)(69)

The A 3 vs x curve in the domain (64) is xc > P(t)

shown by the heavier line in Fig. 3. The pore water pressure u(p(t),t)
Ins

The graph of T /T described by at the penetratio. front is found by

(59) in the domain (64) is shown in integrating (49). Letting

Fig. 4. T0
n s reaches the minimum x - (1-) s(t) + Fp(t), (70)

we find

T U
s  2 T 

(65)

at 0 p u(p(t),t) - u(s(t),t) +

. - 9/7. + [p(t) - s(t)] ..)

Combining (65) with (62), we find the 0

Insrange of T0  , Substituting from () 1 and (1)2, and
a Ins letting t + 0, we find that

2Tp( T < Tp. (66) u(p(O), 0) - u(s(O),O), (71)

The expression of Q4 in (45)
transforms to because the /t limit of the integrand

that appears on substitution from (1)1,

Qo " X(x+2)!5 (67) (1)2, and (49) contains ho, which is
equal to zero due to (36).

The pore water pressure in the
by use of (52)2, (52)i and (53). The unfrozen region is found by integrating
graph of Qo, calculated by (67), is the flow equation
shown in Fig. 4.
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au 1 * series defining - h(t) must therefore be
- k(O , equal to zero.

The descent of the lensing front

where i- . Thus we find means that the ice lens formed by
O'Neill and Miller's mechanism is soil-
laden. The lens in the classical con-

u - u(p(0),0) + (hl/k(0))xc .  (72) cept is soil-free.

The first term TIns of the series
Combining (72), (71), and (44), we find 0

defining of the lensing temperature

hlk(0)/Xc]{Uc - P T ns(t) is determined by the condition

that h . 0. Formulation of TIns shows
03/2 ns (72) 0 0

(L"/T K )0_Q0  T that, for the soil whose partition func-
tion X is given by (38), the factors

The graph of determining T ns are T and a/8 . TIns
0 p o o

3/2 TnS is in the range (66). These conclusions
J = (Lp/TK)(lQ0  ) T /T (74) are valid for the soil whose freezing

temperature vs ice content relationship

in the domain (64) i shown in Fig, 4, is given by a single-ramp formulation.

wheri L - 3.35176xi0 J/kg, P - 10 It is noted that two values of TI
ns

kg/m , and TK = 273.16. If h, > 0, 0

the assumed frost heave can begin, arise for a given A, as may be inter-
preted by use of Fig. 3.

The second term h1 of the series

CONCLUSION AND SUMMARY expansion of h(t) is formulated, as
shown in the derivation of (73), by the

O'Neill and Miller's [1] equations conditions of the continuity of the

reduce to heat conduction equations by liquid water flow through the unfrozen

introducing two simplifying assump- region, the frozen fringe and into the

tions. The reduced equations are ice lens. The condition h, > 0 is

analyzed by use of Tao's [31 method that necessary for the assumed frost heaving

can yield the exact solution of the to take place. When the assumed frost

Stefan problem (the problem of heat con- heaving takes place, P in (73) repre-

duction with phase change) with arbi- sents the frost heave pressure.

trary initial and boundary conditions. The constants in this report are

The problem studied is the frost heaving formulated without use of the general

that starts immediately after the appli- solution (32). The rest of the con-

cation of a step-change boundary stants must be determined by use of (32)

temperature. and will be in much more complicated

The analysis in the initial short forms. They will be reported in a later

time interval shows that the two inter- paper in which the full use of (32) is

nal boundaries, the len,;ing front and made.
the penetration front, decend in

proporLion to V"t, but the top of the ice
lens ascends in proportion to t. Penner ACKNOWLEDGMENTS

[5] shows that the above temporal rela-
tionships hold much longer than the This research was supported by the
initial short time interval. Analysis U.S. Army Cold Regions Research and
for a long time interval is now in Engineering Laboratory and funed by DA
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Penetration front decends a little Laboratory Independent Research Project

bit faster than the lensing front. The 4A161101A91D in FY81 and FY82.

region between the two fronts is the
hrozen fringe.

The reason that the ascension of NOTATION
the top of the ice lens is initially pro-
portional to t is that if it is propor- c specific heat

h height of the ice lens, and
tional to Ft, the flux of pore water in enthalpy
the unfrozen region is tnfivldLe at time
t 0 0. The first term h, of the h dh/dt
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CRYOGENIC SUCTION IN SOILS

D. BLANCHARD M. FREMOND

**Ecole Nationale des Ponts & Chausses, 28 rue des St-Pares - 75007 PARIS (France)

Laboratoire Central des Ponts & Chaussdes, 58 bld Lefebvre - 75732 PARIS (France)

The cryogenic suction is generally - the existence of unfrozen water in the
explained by microscopic physics and che- frozen part of the soil,
mistry. We present a model based on clas- - the different densities of ice and
sical notions of the macroscopic theory water,
of continua. These are mainly the defor- - the deformability of the soil. It is
mability of the soil considered as a po- caracterized here by different porosities
rous medium and the existence of unfrozen in frozen and unfrozen parts.
water in the frozen part of the soil.

This model describes only the ther-
mal and hydraulic aspects of the freezing 2. THE MODEL [71
of soils but cannot handle the mechanical
aspects such as heaving. We assume that the wet soil is a wa-

The computations made in one dimen- ter saturated porous medium, i.e. there
sion agree with every experimental fact are only three phases : liquid water, so-
which have been observed in frost suscep- lid water and the skeleton of the porous
tible soils. medium. The classical theory of the porous

media allows us to define at each point x
of the domain Q, which is occupied by the

1. INTRODUCTION soil and at each time t, average quanti-

ties : temperatures 8(x,t), head of wate,
Water movements are important in h(x,t), . We assume that the heat ex-

soil freezing. At the frost line, which changes between the different phases are
separates the frozen and unfrozen parts, instantaneous so that a single temperature
a large depression, the cryogenic suction, applies to all the phases.
sucks in a large amount of water which At each time t the porous medium is
freezes. The thermal and mechanical beha- divided into two parts the unfrozen part
vior of soils are widely affected by 01(t), the frozen part l2 (t). At the frost
these mass transfers [11,12]. By instance, line r(t) between l1(t) and nl2 (t) the tem-
the frost heaving of soils is mainly due perature e(x,t) is zero.
to these water movements. It results in Let us consider at the time t and at
a decrease of bearing capacity during the a point x of the porous medium 0l a small
thaw. volume V(x,t). The water, the ice and the

The cryogenic suction is generallyw

explained by microscopic physics and che- skeleton occupy the volumes V (x,t),
mistry. We give here an explanation based Vi(x,t) and VS(x,t). The porosity of the
only on classical notions of the macrosco- porous medium is
pic theory of continua. Our model descri-
bee the thernal and hydraulic 0ne.ets nf e(x,t) - VW(x ,t)+V (xt)
soil freezing, V(x,t)

The main points of the model are the water content is
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V, ,t) 
We assume

v(x,t) w. .Fourier's law : the heat flux vector
V (x,t) +V (x,t) is -X gra 0 where A is the thermal con-

ductivity which can depend on e.We have indeed v-fiI in IRl(t) but it .the Darcy's law gives the water velo-

is known that chere exists unfrozen water 
m

in i2 (t), furthermore the water content v city relative to the soil by - -- gradh
only depends on the temperature 8 131,1141, where m is the mobility of the water in

151. Figure I shows the caracteristic as- the soil.

pect of the function v(6). Let us define the mass by unit volu-
i pw

me p and p of the ice and water, the
V[ol specific latent heat of the water 1, the

volumetric heat capacity of the wet po-
1 rous medium PC.

The equations follows
a c e t nu ty of . * i n i ( t ) :

- water mass conservation equation

-p Ah = 0, (1)

. - energy conservation equation

PC 2-XA) = 0, (2)at

Figure 1. Unfrozen water content as a *in 02 (t) :
function of the temperature. - water mass conservation equation

w 2- pi wv ae-o m~h- e tO -0j_'

- energy conservation equation
PC "_O A 8@ ke 98av

Let us note that the discontinuity of pC T e8 -- £ 0 av -t
the function v(6) represents the freezing

of a part of the water in the porous me- *At the frost line r(t), where the va-
dium at the temperature OC. lues on r(t) of the variables are denoted

In order to determine the tempera - by I or 2 if they are taken on the unfro-

ture 6 and the head of water h, we write, zen or the frozen side
assuming that we are only considering

small perturbations of equilibrium state, - 0= 0,
the water and ice mass conservation equa- - water mass conservation equation,

tion and the energy conservation equa-

tion 191 2 W(g-r-ah)2._ ml W-'h.
In the energy conservation equation m p N o (gralh)l.iN

we neglect in Qj(t) and i22 (t) the heat - {J2[wV
2 +

pi
( l- v2 ) } - 

C W-N,

transfered by convection of the skeleton W,

and by diffusion oi the water. At the is the velocity of the frost line and
frost line, we consider both conduction a normal to r unit vector),

and heat transferred by water diffusion
since the latent heat of the diffused wa-

ter is important. It is well known that - energy conservation equation,
this is a characteristic aspect of the X2(g-raj)2 _X(gr-aA) I - tE2i(I _v2)' "
freezing of wet porous media.

In the water mass conservation equa- The equations are completed by clas-
tion we keep only the liquid water diffu- sical initial and boundary conditions
sion which has an order of magnitude big- the initial temperature e0(x) is speci-
ger than diffusion of ice and convection the al tor ture 0 tespeci-

of skeleton. fied and, for instance, the temperature

With these assumptions, the most Sim- and the head of water are specified on

ple hypothesis to tscribe the deformabi- the boundary of the domain n.

lity of the soil is to assume that a cons- The inputs of the model are the phy-

tant porosity 01 
applies to the unfrozen sical constants p 

i , p , PC, the functions

part QI(t) and a different constant poro- v(e), m(e), A(@) and the porosities c€

sity E
2 

applies to the frozen part Q2 (t). and c
2
. All the parameters can be obtained
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surface x-b600 
sW

W 92h w way ae
*-C £(P -P i~-8 Tfrozen zone Q2 Do _A2a2e iv aV

at 27C Te at

frost line s(t) m2 Pw 1 w DO._C{W2+i(Iv2)} - 1P wlds

dt ____

unfrozen Pma7
zone Q1__ PC=O Xaa 0

Dat as

P w 1 0C0 kg/rn
3

Pi 900 kg/rn
3

CI 0.30

C2 0.39

(PC), - 0.27 x 107 j.in3 .K-

(PC)2 - 0.22 x 107 J.M-3.K-1

(A, 1.9 J.s 1l.rn 1 .K-1

M~2 -2.2 J.s-1 rn 1 .K-1

f - 0.82x 108 j.mn
3

rn1  -10-11 r 3 .s.kg-I

rn2  _ 10-11 rn3.s kg-1

(t) - 14*C

For 8 Wt see figure 6.
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through experimentation 12], 1121. sands), [13], [101, 11].
The outputs are the temperature

e(x,t) and the head of water h(x,t).

Note. It turns out from an attentive
consideration of the skeleton mass con- atue

servation equation that the assumptions
imply that rc2 -cl is small with respect
to t and E2 . That is the case in all
practical situations. A complete and de-
tailled description of the equations and h ot W

mathematical results can be found in 181.

3. RESULTS 421C 14!

We have made calculations in one Figure 3. Temperature and head of

dimension, for which the equations are water in a sol during freezing.
represented on Figure 2.

We have the following results:

3.1. During freezing

- A large suction appears almost imme-
diatly at the frost line in a frost sus-
ceptible soil. This suction is almost
constant in time (Figure 3,4,6). Of course
the value of the suction depends on the t
structure and on the boundary conditions.
These facts agree with a well known expe- hK of wate
rimental fact : the cryogenic suction.
The value of the suction, already used te atu._
to estimate the frost heave [41, was up
to now estimated by experimentation and
practical knowledge. l.

- if the volume expansion upon free-
i

zing is neglected (pw = p = 1000 kg/m 3) 39.9s
the suction increases as it is forecas- "
table. - a8x 1Sf -CLS ID P

- if the porosity in the frozen part,
C2 , increases, the suction increases too, Figure 4. Temperature and head of
because the deformation of the soil in- water near the frost line during
creases. freezing (enlargement of part (i)of

- if v2 increases --Laing cons- Figure 3).

tant) or if increases (v2 being cons-

tant) the suction decreases. From the
equations, it turn out that one can con-
sider the frozen part as a water source 3.2. During unfreezing
whose intensity is proportional to av/a0
and the frost line as a water sink whose During the unfreezing of the upper
intensity is proportional to surface of the soil the suction decreaser

S2 2rapidely. Moreover the head of water at
S+ o(l-v2) - . the frost line is discontinuous (with

- the suction can even vanish for respect to time t) when the surface tem-

some values of c2 and v(e). Moreover a perature becomes again positive (Figure

over pressure can appear at the frost li- 5 and 6).
ne. Nevertheless this unusual situation These results agree with the expe-
nasee n evpere etisy unsaled fit on rimental aspects of the unfreezing of

has been experimentally observed for non frost susceptible soils (frost heaving
frost s~sceptible soils, (for instance and cryogenic suction disappear [61).
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frost heave. To do so the velocities

0of the ice and soil must be taken as

additional unknowns.
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ASPECTS OF ICE LENS FORMATION

E. Penner, DBR, National Research Council of Canada, Ottawa, Canada KiA 0R6

ABSTRACT

It is possible to locate a growing particular soil, Leda clay, using a
ice lensa in a frost heave cell in soil range of overburden pressures and
under laboratory conditions by means of one-step freezing temperature
a recently devised X-ray technique. If experiments that form the basis of this
temperature distribution is measured in paper. Some of the heaving experiments
the sample at the same time, the were continued over longer periods to
temperature of the growing face of the observe ice lens remperature and heave
ice lens can be deter-mined. The response to changes in cold-side
objective of the study was to validate temperature and overburden pressure;
this method under a range of heaving representative results are reported.
conditions. It was done by determining The main thrust of this paper,
ice lens temperatures at various however, is to validate the temperatures
overburden pressures and cold side of ice lens growth measured by the
temperatures; then, by adjusting the ice X-ray - thermal gradient tecanique.
lens temperature for overburden pressure This was done by subtracting the
and pore water salt content, the freezing point depression attributable
remaining difference from 00C was to pore water salt content and
expressed in terms of suction. Suction overburden pressure from the measured
gradients in unfrozen soil under various ice lens temperatures, and expressing
freezing conditions were subsequently the remaining quantity in terms of
plotted as a function of rate oi suction. With the external water table
moisture flow and a proportionality was held at the level of the unfrozen end
shown to exist. In addition the of the soil specimen (suction = 0) and
calculated permeability coefficient was the estimated suction at the face of
the expected value for the material, the growing ice lens, suction gradients
Leda clay. These results lend credence were calculated and plotted against
to use of the X-ray - thermal gradient moisture flow rates. The results show
technique for studying thermal behaviour that the permeability coefficient value
of ice lens growth. determined from moisture intake during

heaving is the value expected for this
clay; and that the suction gradient is
proportional to the measured flow rate,

Preliminary results were previously as it should be. The X-ray - thermal
presented by Penner and Goodrich (1980) gradient technique for determining ice
for an X-ray technique designed to lens temperatures therefore appears to

determine the position of a growing ice be a valid method of studying the
lens in soil specimens frozen in the thermal behaviour of ice lens growth.
laboratory. The temperatures at the Experimental Materials and Technique
face of growing ice lenses were
determined by means of simultaneous The soil was a marine silty clay
X-rays and temperature measurements tt a from the Ottawa area, with clay size
sample while the heaving process was in content in the range of 70 to 75% and
progress. Subsequently, more detailed the remainder in the silt size range.
studies were .earried out on one The soil was remoulded and sufficient
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water added to bring it near the liquid aired water to remove air bubbles. After
limit. The test cell (obtained from dimensional and thermal stability had
Northern Engineering Services (NES) been established, crystallization was in-
Company Limited, Calgary, Alberta) was duced (Penner and Goodrich, 1980) and a
filled with the fluid mix and constant step-freezing temperature im-
consolidated, in stages, to 490 kPa. posed on the cold side.
The sample was then allowed to rebound Glass-encased thermistors were
to the test pressure used during located at the interface between the
freezing. Two cells, one a copy of the sample wall and the sample, just behind
NES cell, were used alternately, a thin sheet of Teflon. During all
A complete description of the cell has freezing runs the temperature of the
been given by Penner and Ueda (1977). sample, heave and water intake were

Table I gives the pre-freezing measured at suitable intervals.
sample data. It is to be noted that the The sliding friction of the sample
rebound upon pressure release is small in the cell was measured for both
in Leda clay because the clay size cells; the average of several measure-
fraction is unusually coarse, consisting ments was found to be 24 kPa. This
Largely of rock flour and non-swelling value also included the friction of the
clay minerals. Although a range of two O-rings, which form a part of the
overburden pressur.es was used in the cell design and were in place during
studies, the sample density and moisture friction measurements.
content were not noticeably changed. It
was possible, therefore, to study the X-ray Technique
freezing behaviour of this soil at
various overburden pressures without At pre-selected times temperature
there being any effect from overburden measurements and X-rays of the sample
pressures on the structure of the sample. were taken simultaneously through the

cell wall. The X-ray beam was
Freezing Procedure positioned at the elevation of the

growing ice lens to avoid parallox
The freezing procedure has become errors.

known as the one-step freezing test, dat- The method of determining ice lens
ing to early studies by Penner (1957). temperatures has been described in
The frost penetration and the heaving detail (Penner and Goodrich, 1980), but
curves are given in Fig. 1. for completeness it will be described

The cell containing the sample was again in brief. An example of X-ray
placed in a constant-temperature chamber photographs taken at various stages of
held at approximately 40 C ± 0.05. Water- temperature and pressure is shown in Fig.
lines were connected and purged with de- 2. As the position of the thermistors

Table 1. Pre-freezing Sample Data

Pre-freezing Freezing *Moisture Dry
Sample Cell Consolidation P Pressure Content Density *Saturation

(kPa) (kPa) (% dry wt) (kg/m 3) %

AI5 1 490 122.6 36.3 1347 94
B16 2 " 36.9 1341 95
C17 1 37.0 1356 97

A13 1 318.7 36.4 1375 98
B14 2 " 36.0 1370 97
C18 2 .. 36.4 1367 97

A9 1 514.8 36.0 1373 97
BIO 2 if - - -
CII 1 35.7 1381 97
D12 2 35.2 1380 96

*Moisture content and % saturation apply after rebound from consolidation
to the pressure used during the freezing process.
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Figure 1. Example of frost penetration, total heave

and heave by water intake for the one-step freezing

mode with the Leda clay used in this study.

Figure 2. X-rays taken at successive stages of pressure.
No. I was taken after 87540 s, overburden P = 514.8 kPa,
cold-side temperature -3.40C. Pressure reduced to
72 kPa. No. 2 was taken after a further 85560 s.

may be s;een in the X-ray, the temperature rate of heave is linearly proportional to
gradient can be superimposed and the tem- the overburden pressure/cold-side freez-

perature of the ice lens determined, as ing temperature ratio. The present stud-
shown in Fig. 3. ies verified this. The resulLs for the

particular sample of Leda clay used are
Results and Discussion given in Fig. 4. The range of pressures

is from 123 to 515 kPa and the range of
Earlier studies (Penner and Walton, cold-side temperatures approximately -1

1979) have shown that for the one-step to -40 C. The results have a high correla-
heaving test the log of the initial total tion coefficient of 0.99.
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Figure 3. Determination of ice lens
position from X-rays and thermal gradient.

Figure 6 Illustrates the tempera-
Figure 5 illustrates the position ture and position of the ice lens

in the sample and the temperature of the relative to the 0C isotherm at about

ice lens when the overburden pressure is the same cold-side temperature but

the same but the starting cold-side different overourden pressures. The

temperature is different. With a cold- general pattern was that the higher the

side temperature of -2.49C the lens overburden pressure the lover the lens
temperature at the time of the first temperature after about the same time

X-ray was -0.739*C; when the cold-side interval from the start of the teat,

temperature was colder (-3.75C), the provided the cold-side temperatures
ice lens temperature was -0.950C. were approximately the same. To be

A second X-ray was taken of each sample noted also is that the lens temperature

at about the same running time after the difference from O0C reduces with time.

first X-ray. Again, the lens This is illustrated in experiment 1

temperature was colder when the cold- (Fig. 6) between X-ray 1 and X-ray 2.

side temperature was lover. In one of After X-ray 2 the cold-side temperature

the experiments a third stage was added. was dropped and this, in general,
Dropping the temperature on the cold lowered the ice lens temperature. In

side to -4.10c lowered the ice lens experiments 2 and 3 the pressure was

temperature further, reduced after X-ray I, tending to
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Figure 7. Heave by moisture intake vs

suction gradient in unfrozen portion
below ice lens.
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EFFECT OF SPECIMEN HEIGHT ON FROST HEAVE
RATIO IN UNIDIRECTIONAL FREEZING TEST OF SOIL

Tsutomu TAKASHI Research Institute, Seiken Co., Ltd.
Takahiro OIRAI
Hideo YAMAMOTO 2-11-16, Kawarayamachi
Jun OKAMOTO Minami-ku, Osaka, Japan

ABSTRACT frost-susceptibility is obtained be-

forehand. This study deals with the ef-
Specimen height constitutes oneof fect of th3 specimen height H on the

the most important factorsin a labora- frost heave ratio k in such tests.
tory frost heavetest. Relations between Takashi et al. (1976) analyzed the
it and the frost heave ratio have been effect of resistance in soil-water move-
examined systematically changing such ment through the unfrozen part within
freezing conditionsas overburden pres- a freezing specimen on , whereby they
sure and frost penetration rate in open- pointed out that is a function of H.
system frost heave tests of Manaita- On the other hand, it has been
bridge clay collected in Tokyo, with considered recently that ice segrega-
the following findings: tion occurs within a certain limited

The frost heave ratio , (defined zone in frozensoil (DirksenandMiller,

as the ratio of volume increment to 1966; Hoekstra, 1966; Miller, 1972;
initial volume of a specimen) reaches Radd and Oertle, 1973; Loch and Kay,
a maximum at a certain value Ho of the 1978; Takashi et al., 1979; Fukuda et
specimen height, H. When H>Ho, then , al., 1980; Penner and Goodrich, 1980).
decreases with increasing H, which can The authors' view about the positionof
be explained quantitatively by resist- the zone where ice segregation occurs
ancein soil-water movement through the is shown schematically in Fig.l, where
unfrozen part of specimen. Meanwhile, Of is the freezing point of bulk water,
, decreases with decreasing H, when Oinit is the temperature at which ice

H<Ho, which can be explained qualita- segregation initiates and Ocrit is the
tively by existence of an "in situ wa- critical temperature at which ice seg-
ter freezing zone" within frozen soil. regation comes to an end. The plane 0=

For this clay, which is markedly Of is defined as a freezing front. The
frost-susceptible, Ho obtained ranges
between 2 and 4 cm. In general, Ho de-
pends on the soil type and freezing F.ezing
condition. In a laboratory frost heave front
test, Ho is looked on as the optimum -Frozen soil Unfrozen soil-
height of a specimen. Cold Ice In situ I _ n

Naa mting water >zone freezing .reiais
i. INTROIXJCTION rine

The soil of a construction site e.8@i .8% @onf

where ground freezing is undertaken is Fig.1 Schematic representation of
subjected to unidirectional freezing unidirectionally freezing
tests in the laboratory so that its column of soil
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zone einit<8<Of is an "in situ water Their physical properties are shown in
freezing zone". The zone ecrit < 8 < Table 2.
einit is an "ice segregating zone".
This authors' view was described inde- 2.2 Apparatus and procedure
tail in previous papers (Takashi et al.,
1981a and b). According to this view- The apparatus is shown in Fig.2.
point, the specimen height is to have It allows to conduct a frost heavetest
some influence on the frost heave ratio. under an arbitrary overburden pressure

In order to confirm a relation and at an arbitrary constant rate of
between 4 and H, and to obtain infor- frost penetration. Concerning water
mation concerning the optimum H in la- movement, this apparatus is an open-
boratory tests, a clay is subjected to type system in which water is movable
frost heave tests at various H, system- easily between the spocimen and the
atically changing such freezing condi- water supply tank. The detail of this
tions as overburden pressure and frost apparatus was described in previous
penetration rate. papers (Takashi et al., 1974; Takashi

et al., 1978).
One freezing condition was assign-

2. EXPERIMENTAL METHOD ed to each specimen, as shown in Table
3, their being selected systematically

2.1 Preparation of specimens around central values: overburden pres-
sure d1=247.2 kN/r?; frost penetration

The soil tested was a diluvial rate U=3.0 mm/h.
clay (Manaita-bridge clay) collected in After the first run of an experi-
Tokyo. It has a markedly high frost- ment as conducted at the initial speci-
susceptibility. Selected index proper- men height (H=5 6 cm), the end of the
ties are shown in Table 1. specimen was cut off for the next run

A specimen was prepared as fol- at a reduced height. Thus reducing the
lows: The soil was air-dried and loos- height of the specimen for next run,
ened. Then, it was kneaded over byadd-
ing distilled water until the water
content attained about 54 %. The load
was applied with a piston and a cylin- ii
der to the resultant mixture step by A

step until it amounted to 1.57MUNm 2 .MN1
After consolidation of the mixture into
a clay block (diameter D=lI cm, height rb
H=8 cm), a specimen (D=1O cm, H=5 -6
cm) was trimmed from it.

Six specimens were thus prepared
for experimental use in this study.

Table 1 Selected index properties of
Manaita-bridge clay #3

Silt 0.074-0.005 am 33.5 %
Clay < 0.005 ma 66.5%

Liquid limit WL 47.1 % _
Plastic limit Up 25.4 %
Specific gravity Gs  2.712

Specific surface area S 136.2 a

. .. . I AAATING SCREW Iit S PECeON
I POLE It POOS KLATE

S WID2 A COMING PLATE
Table 2 Physical properties of specimen , :6 POENIO MEIER

$ S LIM WANIN It I@OU*ON'$ GAUGE

Water content V 25.7 a 0.9 % a POVINS MIND 17 PRESSURE coNTAINE7 1N "ISTIMR CONDUJIT 19 DIFFERENTIAL MINREE

Wet density 9t 1.99 * 0.01 g/cm
3  

THO EECTIC MODULIS FLA

Dry density Pd 1.58 a 0.02 g/cm 3I ais PS 20 WaTER CUP
0 RlING SEAL 21 FLEXISLE JOINT

Porosity n 0.416 a 0.007 " mftC TI$ cVnioTe S c,-,uef

Degree of saturation Sr 97.7 a 1.4 %
Hydraulic conductivity k 5 x 10- 8 c,/s Fig.2 Diagram of apparatus used for- frost heave test
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the same specimen was used for a num- The frost heave ratio , is de-
ber of runs of the experiment. For each fined as:
run the frost heave test was repeated = h/H (1)
about 12 times (see Fig.4).

where h is the total amount of heave
Table 3 Freezing condition assigned and H is the specimen height before

to each specimen freezing.
The water intake or discharge

Frost penetration rate ratio ,w is defined as:
U (mm/b) ____

1.6 3.0 5.8 w = hw/H (2)

70.6 - Specimen
Overburden No.1
pressure 129.5 - Specimen - where hw is the total amount of water

24? Specimen Spein Specn intake or discharge (converted into the
(04/2No.5 No.4  No.5 water level change in a tank of the

N.2 .7 - 6 - same diameter as specimen) during the

freezing period. Positive sign of V w
means water intake type and negative
means water discharge type.

3. RESULTS At each specimen height, a test
was repeated about 12 times under the

Typical curves of frost heaving same freezing condition. An example of
are shown in Fig.3. It is interesting a relation between , and the number of
that frost heaving does not appear in repetition of test is shown in Fig.4,
a period of early several hours in each in which , decreases gradually with
test. This phenomenon implies that ice increasing the number of repetition up
segregation does not occur within a to 8 times and then converges to aoon-
certain limited zone immediately behind stant value. This constant value is
the freezing front. defined as the frost heave ratio , at

In each test, freezing was initi- this specimen height.
ated from the lower end of a specimen
and penetrated upward to the upper end 0
at a nearly constant rate. When freez- 5 0 o
ing penetrated to the upper end (this 0

corresponded to the "freezing finished" i : 247 2kN/M 2

point in Fig.3), the average tempera- U a 5.Smm/h
ture of specimen was various in response H :50.70Omm
to the cooling rate. In order to unify .... I ... I ,
the amount of unfrozen water remaining 0 5 10
in a frozen specimen, the average tem- Number of repetition
perature was made to be -5C finally. Fig.4 Example of relation between

and the number of repetition
of test

4- =129.5 E 0, = 247.2 kN/m2

h3* Mh=46.67 - -
--- ---- hw 3

123" 
1 30.__

2h 2- =52 UO
H=48.18 H=4.. - ~~~~~U . . .. 1 . .. . U l m m /h

- " ......... Hu49.27mm
010 20 30 40

Time (hours) Time (hours

(a) U: const., 0fl: changed (b) d'j: const., U: changed

Fig.3 Typical frost heaving curves during freezing
1. Freezing finished 2. Temperature drop (e=-1000) 3. Start of thawing
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3.1 Relations between frost heave
ratio and specimen height under 220 V - 7 = kN*
various freezing conditions 0

Relatio,.9 between , w and H * .

under each freezing condition are (a) e o
shown in Fig.5. Specimen o

In case of Fig.5(a), where dl is No.1 
small and frost heaving is relatively ,

large, 4 reach., a maximum at a cer- I i
tain value H0 of the specimen heightH. 0 5 H(cm)
When H>Ho, then , decreases gradual- = 2,=12.5kN/m2
ly with increasing H. Meanwhile, o U=3.0mm/%
decreases rapidly with decreasing H 1 .o _

when H< Ho. A similar tendency is also (b) 10 B 0

seen to some extent under other freez- Specimen A * * 0
ing conditions. No.2 * Ho

It is a common feature under all ,o

the freezing cunditions that w decre- 5
ases with decreasing H when H<H o . Es- 5 H(cr)
pecially in cases of Fig.5(c) and (d), 1 o,=2472kN/m 2

the mode of water migration reverses U=1.6mm/h
from the water intake typeto the water (c) b - _- -

discharge type with decreasing H. Specimen mA D * * *Generally, changes in and w No.3 0 | % 1 1 1 1

are similar in tendency, but in cases ] 5 H(cm)
of Fig.5(b) and (d), , does not de- Ho
crease despite that w decreases in
the region in which H is small. In such 210 U/247"2kN/M2
cases, the mass balance between frost (d) U 3.OmnVh
heaving and water migration is lost. Specimen 9. - -
The reason is not known well at pres- No.4 I
ent, but may be ascribed to experimen- 0 I

tal errurs, for example, due to a small Ho 5 H(cm)
undulation of the freezing front. Under 10k =2472kWm
all the freezing conditions, however, h Ik
something unusual is obviously taking (e) U=58mm/h
place to affect the values of , or ,w Specimen
when H<Ho. This, as will be discussed No.5 0I '9 !0 0 '9

later, is supposed to be the effect of 0 5
existence of an in situ water freezing 

Ho H(cm)

zone within frozen soil. 110- 0r=482.7kWM2

When H>Ho, there are two types (f) -, U=3.Omm/h
of changes in , and w. In the one Specimen ,Ho
type , and ,w decrease with increas- No.6 Io
ing H, while in the other, , and w _ o 0 5are constant approximately. The former ' * 0 6 0 S H(cm)and the latter take place under the

freezing condition in which a large Fig.5 Relations between ,, ,w and H

and a small amount of water is taken under each freezing condition

into, respectively. Therefore, when H (openeircle: , solid circle: ,w)

> Ho, it is supposed that the effect
of resistance in soil-water movement to 61 and U:

through the unfrozen soil appears.
This will also be discussed later. = o+ 0°(1+ u0 (3~(3)

3.2 Relations between frost heave r
ratio and freezing condition w n-mr. (4)

The following empirical equations where 4o, 6o, Uo and nf are constants
were proposed by Takashi et al. (1974, concerned withthe frost-susceptibility
1978) so that 4 and 'w are related of a soil, and r is the volume cxpan-
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sion ratio of water when its phase shown in Figs.6 and 7, indicate that
changes to ice (in case of pure water, these equations hold when the specimen

*Y--O.09). In equations (3) and (4),how- height is optimum: H=H o . The values of

ever, the effect of specimen height on constants in the equations obtainea
or w was not taken into socount. are shown in Table 5.

The authors consider that these
equations hold basically only in case Table 5 Values of constants in equa-
of a small compound effect of resist- tions (3) and (4) for dis-
ance in soil-water movement through turbed Manaita-bridge clay #3
unfrozen soil and existence of an in
situ water freezing zone. As will be 27 -o.01
discussed later, the compound effect is CI8.78 k/U0 1.20 ma/h

minimum at the specimen height Ho .  n f 0.389

Therefore, analysis using equation (3)
and (4) was tried on the exporimental

data at H0 . 4. DISCUSSION
Shown in Table 4 are H0 , JH=Ho

and 4wlH=Ho under each freezing condi- 4.1 Resistance in soil-water move-

tion. Relations between 4IH=Ho , ment through unfrozen soil

twIH=Ho and 1/0"l are shown in Fig.6.
Relations between rIH-Ho, ,wjH=Ho The following equations were ob-
and 1/4T are shown in Fig.7. According tained by Takashi et al. (1976) as a
to equations (3) and (4), these rela- result of an analysis , on the basis

tions are to be linear. The results, of equations (3) and (4), of the effect
of resistance in soil-water movement

Table 4 H0 , .IH=Ho and kwiH=Ho under through unfrozen part within a freez-
each freezing condition ing soil specimen on :

Specimen Freezing H l I = + nfl' + 2UH D-CdTI-BH
No. condition 0 H. IH 2UH

2 U DHB H=Ho  H+C(2A-B)
(kN/m) (=/h) (cm) () (M) +C(2A-B

I ) In BD+B2H

1 70.6 3.J 2.0 18.3 14.5 B 2AC
2 129.5 3.0 2.5 10.3 6.9
3 247.2 1.6 2.8 5.4 3.2 D+(2AB:I)H/1I+COr1
4 247.2 3.0 3.0 4.5 1.9 -Cdl In (5)5 247.2 5.8 2.7 4.0 1.5 200"16 482.7 3.0 4.e 2.0 -0.9

1 ( ,- ko-nf 1) (6)

U230mm/h o where A = U a'o =+ T nf r +

3. . - C = k/pwg , D (CCO-BH)2 +4ACH

8 10 -
k is the hydraulic conductivity of un-

-frozen soil, Pw is the density of wa-
ter, and g is acceleration of gravity.

o 6 Here, and 1w are represented as
Z OL5 I 5 functions of H, however, the effect of

Mm )  existence of an in situ water freezing

Fig.6 Relations between tH=Ho, zone is not taken into account. When
Relai=on been I  resistance in soil-water movement
'.wIH=Ho and I/all through unfrozen soil can be neglected:

i.e. k-4co or H-+O, equation (5) coin-
"2  cides with equation (3).

0Calculated values of 4 using

/ -- wI.. equation (5) are shown by broken lines
in Fig.5. The value of C' in Table 5

.8- which is determined from Fig.6 should
be altered because the effect of H on

t S I appears more or less even at H-Ho.
1/' (4;-6) Therefore at the calculation, the

Fig.7 Relations between 4IH::Ho, value of c o is redetermined to fit the

4wIH=Ho and 1/4T experimental results. The redetermined
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value of %o is 10.12 kN/s@. Theresults then frost heaving cannot occur before
show that the relation between 4 and the freezing front penetrates up to
H in the region H >Ro can be explained into a specimen. This seems to corre-

by the effect of resistance in soil- spond with the experimental fact that
water movement through unfrozen soil. frost heaving does not appear in a pe-

riod of early several hours in each
4.2 Existence of an in situ water frost heave test (see Fig.3).

freezing zone and an ice segre- In each test, the temperature of
gating zone within frozen soil cooling plate is controlled to freeze

a specimen at a constant frost penetra-
The temperature 9init at which tion rate U as:

ice segregation initiates is deduced 0c = -a.t (8)
from modified Clausius-Clapeyron's
equation (Takashi et al., 1981b): where Oc is the temperature of cooling

plate, a is the rate of temperature
einit - -6e/Pso (7) depression of cooling plate and t is

the elapsed time from the initiationof
where Oe is the effective stress and freezing. Then a is proportional to
Pso is the constant (Pso1.lO9 N /m2 / (Takashi et al., 1975). From this equa-
00). The temperature Ocrit is a con- tion the time when Dc=Dinit is obtain-
stant inherent to soil, representing ed, and 8 is obtained on multiplying
the critical temperature below which it by U:

the continuity of veins of unfrozen 8 -U- init/a (9)
water within frozen soil disappears
and. ice segregation cannot occur Then 6 is derived from equations (7)
(Takashi et al., 198 1a, b). In the and (9) theoretically as:

previous study, Ocrit of Manaita-bridge
clay was estimated lower than -30°C 5 U- de/(a-Pso ) (10)
(Takashi et al., 1981b).

The thickness of an in situ water Thus, 8 increases with increaeing ce
freezing zone is denoted by b (Fig.l); or decreasing U, because a o 1.

On the other hand, 6 was esti-
mated experimentally by multiplying

U 3.Omm the elapsed time up to the appearance

E20- of frost heaving b U. A comparisonbe-
tween Stheo and eXp is showninFigs.
8 and 9. Besides, in these figures the

Vo results of supplemental experimentsare
also shown, which were conducted under

10 a wide range of freezing condition
0 - theo. using specimen No.6 at K=2.5 cm. More-

0 over, 61 was used in the calculation
00 exp. of Stheo insteedof 6e, which should

have been used, because (7e is not esti-

0 1 2 mable. As shown in Fig.8, Sexp agrees
0, (MN/m2) with 8 theo under various 61 . As far as

Fig.8 Relation between 6 and dl U is concerned, however, a correlation

(solid circle: result of between them is poor (Fig.9).

supplemental experiment) The configuration of an in situ
water freezing zone and an ice segre-

L o, 247.2kN/m2 -theo. gating zone within a specimen at the

E10- 0 time of finish of freezing is shown inexp. Fig.lO schematically. In case of (a)or
4 (b) in Fig.lO, the frost heave ratio

0 o(as a whole specimen) changes depend-
o " ing on S/H. Strict clarification of

the dependency of , on S /H calls for
0 5 10 a knowledge on the distribution of Io-

U (mm/h) cal frobt heaving in the ice segrega-

Fig.9 Relation between S and U ting zone. However, the lnowledgeon it
(solid circlet result of is poor at present. Therefore, as a

supplemental experiment) first approximation, it is assumedthat
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Cooling End and th, infrozen part of a specimen is

plate H cureducca; L110 test period is shortened.
t HOn the other hand, the effect of

existence of an in situ water freezing
Ice -In situ zone is determined by the parameter
segrwaating water 1-8/H and becomes large with de-
Szone - f freezing creasing H. Therefore, the optimum Hzone in laboratory frost heave tests is

(a) H>8 considered to be near H. at which both
resistance in soil-water movement

H H through unfrozen soil and existence of

F .an in situ water freezing zone have the
minimum compound effect on I . As stat-

ed in 3.2, the experimental results at
8 :the specimen height Ho obey the empir-

ical equations (3) and (4) approximate-
(b) H >8 (c) H<8 ly.

In this study, the soil was a
Fig.lO Configuration of in situ water markedly frost-susceptible clay. The

freezing zone and ice segrega- results showed that optimum H of this
ting zone within specimen at clay was within a range between 2 and
the time of finish of freezing 4 cm. As frost-susceptibility of an

ordinary clay or silt is lower than the
clay used, the optimum H of it is also

all the ice lenses are segregated only considered to be within the range be-
at the plane e=Sinit • Considering that tween 2 and 4 cm generally. However, in
the hottest ice lens brings about the case that frost-susceptibility of a
screening effect on migration of un- soil is higher and frost heave tests
frozen water and that U in this study are conducted under such freezing con-
are relatively large, the assumption dition as frost heaving occurs easily,
is admissible. Then the frost heave the optimum H will be a little smaller.
ratio , (as a whole specimen) will be
proportional to I-8/H as follows: 4.4 Some problems on practical applica-

tion of results of frost heave test
= 40 + (4c -to)(1-S/H) (H>8)

If the constants in equation (3)
or 4 ~o (H~jS) (11) are obtained as results of frost heave

tests at the optimum H, they make it
where c is the frost heave ratio in possible to estimate simply the frost
case in which the effect of existence heave ratio k under an arbitraryfreez-
of an in situ water freezing zone is ing condition. These constants .o, 60
not taken into account and corresponds and Uo are useful as indices concerning
to in equation (5)- frost-susceptibility of a soil.

Curves calculated by equation (11) However, some problems still re-
are shown in Fig.5 by solid lines. The main unsolved in applying the results
decrease in t in the region in which of frost heave tests to predict the
H<Ho can be explained qualitatively frost heave amount in the construction
by existence of an in situ water freez- site where ground freezing is under-
ing zone within frozen soil. taken. For example, in the laboratory

test freezing advances without resist-
4.3 Optimum specimen height in frost ance in water movement from an outer

heave test source to a specimen, whereas large
resistance in water movement exists in

It is obvious from the above dis- the ground. This difference may be
cussions that the smaller the specimen analyzed to some extent using equation
height is, the smaller is the effect (5) (Takashi et al., 1976; Takashi et
of resistance in soil-water movement al., 1977)..However, it will be a com-
through unfrozen soil. Additionally, plicated problem to take into account
a specimen low in height has the fol- the distribution of permeable or im-
lowing experimental advantages: uni- permeable layers in the ground.
directionality of freezing is improved;
friction between a specimen container
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maximum at a certain value Ho of Symp. Ground Freezing, 626-639
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then 4 decreases with increasing perimental pressure studies of frost

H, which can be explained quanti- heave mechanism and the growth fu-
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movement through the unfrozen part 2nd Int. Conf., North Am. Contribu.,
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FREEZING RATE AND FROST HEAVE OF SOILS

Liu Hongxu
:7nineer, Heilons-iang :rovincial Low Temperature

Constructiorn Science Research Institute)

Abstract carried out in the Longfeng Frozen
Soil Observation Station, Daqing(Long.

A let nuzoer of scholars h2ve , Lat. h6.25°N) and Aihui Frozen
studied the relationship of the Soil Observation Station (Long. 127°E,
freezing speed and frost-heave of Lat. 50.ON), 1oth in Heilongjiang
soils, many of them have conducted Province, results of study on the
tests on s3all size s)eci-ens in labo- above proble' is g;iven in this paper.
ratories. Most of their testing re-
sults indicate that a high expansion Vt
rate on freezing is resulted from a
low freezing speed -iving erouh time I V
f:r water -si "ratLon. 111; 7. T(

-

3ased on the tests conducted it
original locations at a Frozen Soi, !
O .ervation .t'i-ou. the 'ol'.owin; -
rc3:its 7avbeen obtained thr u; .
nai .vzn; th reiati,-,nsnip s the
frezizn-; oeed. ex.aanson speed on Now
fr.-ezir., 'i

.  
. t- snoratire ra- I

i-'.t, .xpan..!rc rte, F r. t-nea-e 1 2 74:1 2 S *T

1',i .o -)n': os

at .*o74- ishezn;alo.. -- :ea~rethere exists N rA\ 'e ;,/

]r:earer t ;rrature -3riient, hi,;her
r .!7.1 oSe-1i. i:-her ex ansion 1120 --

r., ro.n w*ichz ni -her
C~a.cj Ml rdt [Sol 0l 0eC

r .. tcnt, type of -ol ond

ro? " , :ortant f*'it- F -. 1 Re!.ttionship between t(c), H(cmj

tor e..er.ri-er-, t- ev' esset'.- h(cm), measured at Lonr-feng
ly. if th-! f':-ot ',.two factors nre Frozen Zoil Observation Station
c ~. :,r t, then ;irloas freezin; .. 4 in 1?73-1974
.i.~ cz -cur under iifferent ne, ;tive Relations between outdoor tempe-

t .2er:tores, tnus lralin to dLffe- rature, freezing depth, soil tempera-
rent expa:iain./ r-ito on frez..n. :I ture, water-table, amount of frost-
nre:r to ;tuly .t."s problem. not a heave and time in 1973-l)74 are shown
few re.enriern. ot none and abroad, in ?ig. 1. Amount of frost-heave

.. ve :irr)ed !It te.;t3 ,:Lth s :ull generally ieans the amount of expan-

otzo u; z.er~ns nior:ttory. Based sion on the -;round surface (if not
3n the f e]i -,.m'rien in -itu indicated). When snring cones, kround
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surface begins thawing, the freezing depth. Curves showing the expansion
front surface still -oes downward rate on freezing and freezing cpeed
radually and expansion on freezing are similar, that means, the greater

does not stop. Owing to settlement the freezing speed, the larger the
in thawing, curve reoresenting mount expansion rate.
of heave on surface begins to drop, In the frozen layers in the sea-
therefore cannot represent the expan- sonal frozen soil district, distribu-
sion on freezing of the freezing tion of expansion rate on freezing
front, so the expansion curve for the along depth is not uniform. The rate
subsoil must be taken in consideration, reaches maximum on the surface and,

The actual annual freezing depth at last, becomes zero at the bottom
(at which soil temperature is O0C) is of the layer. The portion near the
205 cm. Max. distance between the ground surface is called the major
freezing depth and ground water level frost-heave zone; the lower portion,
is 20 cm., belonging the open system, the secondary frost-heave zone; the
max. amount of heave is 16.6 cm., lowest portion is the layer which is
average expansion rate on freezing is although frozen but not heaved. Fur-
3.1". According to the classifica- thermore, at the location where i
tion in the Foundation Code for In- freezing is not developed, no frost-
dustrial and Public Buildings (TJ 7- heave will occur. This has been
74), the soil can be classified as proved by a lot of measurement data.
strong frost susceptible soil. That means expansion on freezing of

Fig. ? shows variation of expan- the upper portion where freezing speed
sion rate u.. freezingl(amount of heave is high is also large, and is small in
per unit freezing depth 4h-j1 or "YaWh04), the lower portion where freezing speed
freezing speed V (Falling speed of is low. At the base, freezing speed
the freezin; front, i.e. freezing equals zero, expansion also stops. It
depth per unit timeA/6-T orS rT, in is shown also that expansion rate on
cm./day), exoansion speed v(amount of freezing decreases with increase of
heave per unit timeAY7 ordl/drT, cm./ freezing depth. Although there is
day), ;radient of temperature x (ne- fluctuation in temperature gradient,
,ative temperature increment per unit yet obvious variation rule exists, i.
freezing depth,At4H ordtd/H , in 0C/ e. temperature gradient decreases
cm.) and amount of heave h (cm.) with increase of freezing depth, or
along the freezing depth H (cm.). freezinp speed decreases with tempe-

rature gradient. Relationship be-
tween temperature -radient, expansion
speed on freezing, expansion rate and
freezing speed is shown in Fig. 3.

0.1 ".2

5 10 15 2 .m

0.1 0.2 0.3 0.4 11 -1 € ' ,
to 20 y%

10 20 V

20 0

00

10.0

2?' ~0.1 -

Fl.2 Relationship beween1,,,v,,,x Wc dovi

tnd H.
,-i 7ic:.2, freezinF soeed de- Fig.3 Relationship between xv,,7and V.

cr ibel w.ith thte increa.3e of free:.ing Particles of cohesive soil are
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:on;i.eraole small; the smaller the secondly, to increase humidity -ra-
*iimeter )f the oarticle, the larger dient in soil so that water mi;rativn
the 3secific surface and also the is accelerated. Water coiing from
sirfice energy fir holding tne water other layer afterwards freezes at ne-
frIm. Com:;ared with other kind of cative temperature, thus ex)ansion on
soil, content of unfrozen water in freezing is increased. Amount of
cohesive soil is greater under the frost-heave depends mainly on amount
same temperature condition. Ice begins of water r.iigrated: from lower layer to
to 3e&regatewhen the temperature of the freezing front. Speed of mi-ra-
soil -4 tains the freezing temperature tion depends on magnitude of humidity
(-3.f ---. C). In the interval of 0- gradient, in turn, magnituie of humi-
-3*C, variation of content of un- dity gradient aepends on magnitude of
frozen water is very great and such temperature gradient and, at last,
interval is called district of liquid magnitude of temperature gradient de-
2hase severely changed; interval of ?ends on outdoor temperature. Icrease
-3 to -9*C is called district of of humidity gradient is resulted from
liquid phase moderately changed; in- increase if temperature gradient.
terval on which temperature is under Along with increase of temperature
-?*C is called district of liquid gradient, not only humidity gradient
phase slightly changed. No matter increases, but also freezing speed
what theory is used to explain the increases. Therefore, in the founda-
mechanism of water migration, it will tion soil, both increase of humidity
be considered from the macroscopic gradient and freezing speed are re-
oint of view that content of unfro- sulted from increase of temperature
zen water will relatively decrease gradient. If negative ten,)erature is
when amount of water which changes relatively high, or freezing has de-
into ice becomes larger. The more veloped to a certain lenth, so tempe-
the variation of humidity gradient rature at the nottom of thp frozen
when compared with the initial equi- layer is relatively hijh and tempera-
liorium state (i.e. humidity gradient ture gradient is considerable strall,
increases), the more the water sup- less ice will be segregated, humidity
ilenented from the lower layer. If gradient will become small and water
no :hase change occurs in the water will migrate slowly causing small
of 3oil and humidity field remains expansion rate.
the original quilibrium state, re-
iistribution of water will not carry
on, migration of water does not exist
also. Huidity gradient here men- I7

tioned means the average value of iso- ads
thermal contour of O--4*C. low '

Humidity -radient is the criti-
cal factor determining i. ration of
w:-.ter, not only for frozen soil in
winter, nut 'iso for evaoration of
_round :;urface in summer. Owing to
the increment of humidity -radient
induced oy evaporation, water in the
lower layer will be imbibed to com-
iensate. If chan-e of humidity gra-
Iient is not induced by freezing or :'"
evaporation but by taking away from Zo o
a certain layer using other methods 32o

(such as by blotting paper), water ,
in the lower layer will also migrate.
Phenomenon of water migration is a
process in which soil layer losing
its humidity equiliorium state will
restore its original state as far as Fig.4 Relationship between H,! ,ground
)os ible.

Eects of negative tenoerature water level and time, measuredEff e t s o n e ati v t e p era urea t A ihu i F ro zen So il O b ser va -

on frost-heave are: firstly, to t a ion a

chan,,e water contained in soil into ithe measurement
ice, 5o that volume of soil expands; Fig. 4 shows
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resultu in the Aihui Frozen Soil Ob- 3ased on the above analysis, the
servatiun Station, Heilonijian- Pro- following points of view are obtained:
vince in 1973-1'.74. inimum dis- 1) Effects of negative temperature
tance between underground water level on frost-heave of soil are:
and frozen depth is 1.4 m, belonging (i) to change the water in soil
closed system. Frozen depth is 2.20 into ice, making soil mass expand;
m, amount of expansion is 4.8cm., (ii)along with ice segregation,
average expansion rate on freezing tho orijinal humidity field will be
17=2.2%. the soil is classified as damaged, thus lorming new humidity
weakly frost-heaved soil. Fig.5 .,radient and causing migration of
shows the relationship between expan- water in the lower layer (re-distri-
sion speed on freezing, freezing bution of humidity). In turn, water
sz. ed, expansion rate on freezing and transferred upward freezes again at
frozen iepth at the site. ?i;. 6 negative temperature, accelerating
6nows relatlonship of expacsion speed the expansion on freezing.
on freezin -nd .reezn.- z'e31. Frr- 2) Freezing s)eed of foundation soil
Fi.;.2, ,.? uo b, thi: relat',2.i~n::hs dep'ends mainly on local outdoor tem-
obtained i. he ni, '- tw, -)t' aerature in winter. If no special
are s... . e. m.,sare is taken, the 2ower the tern-

:-;t.'ure, the r.i-.her the average
ree peed. Fr-. Fig. ? and 5,

0.1 0.2 0.. .,. ,, .'. .4-mai i -x, freezing speed in the
1.0 .,, -:I %'t(m-I ehnt 4 t1-j ct ia the north oart of

I 2 *T 4 I * ? ! * " ";ortheq;t, China, is 3< 3rm/day,which,
-pared with that used in the frost-

,,/ -- vp tent in laboratorj, is not so
h i-h. Fr':n the trend of the curve in

S $ " F:. ! ". there is no orecursor
641 / / 2.: occurence of the above Tax.

e/ vi'ie, that is to fia:y, the 2resent
S / free"'n- s-.... . as not attained the

ZIw, / vta' . v0 : V , at which ?xnansion

1' / "~ / -,' " 'reozn will :ie affected.
. hen £rezi. s:)eed is below the.

I., , /. critical '.ei.e, the hi.:her the freez-
/an; need, the hi-her the expansion, l; /rat -,_n freezing . Critical freezing

~~; ~ .-- d var; es with the type of soil.
"all 'A~hen sme,.,7iwnc, or small size are

nsed in the l.,ocrator'; frost-heave
4'x t, -nOzitivo t--neratuAre still re-

m~m mai:,-... a th,,: botton of the speci.m-en,

thnr f,:rnin- hi.her te'ioerature ira-
ient Lnd lower freezing speed.There-
're, increase o. exranAion rate on

ffe.'zin3 will be re'inltel. This;_ does
n ,t c.)nsi6tent with the -i:tual .-ondi-
t..n. i.e., there is o neat .-Pora-
ted at the ottor, of 7i i .ier acil
1. ye r.

4) Frost-h(-a-,e te,.:t c' r " .:rr ed

out in laborat',)ry .. ordin act ial
F!, freezin- soeed a-d djitribution of

Px)ansion rate on fre° zin,- along jith
de-th, and then ieter- ine the 3vre.e
ex"-.sion rate on freezin- of ,un-

0.1 i- aat.or, soil at site amnoxiately.

i Firg.2 as an exannle which
is of an open system, surface soil of
'0-40 :m is sampled to make s.)ecioens

-|o 2.0 V .i(. 'rnezing n'eed of '.5 cm. 'day is
cilect-d. If the expansion rate on

l.6 :elot n.nTh'p oet. o,.n vr,i . cezir." -f 7 =16 k is obtained, the

258



correspondin.- average expansion rate
of the foundation soil will be about
8'. If soil , 1.6m beneath the sur-
face, is taken to make specimens, the

soil's own weight should be consi-
dered.
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FROST HEAVE CHARACTERISTICS OF
SOIL UNDER EXTREMELY LOW FROST
PENETRATION RATE

Shigeru Goto Research Engineer, Research Laboratory of Shimizu Construction Co., Ltd.,
Japan

Yukishige Takahashi: Chief Civil Engineer, Plant Construction Division, Tokyo Gas Co., Ltd.,
Japan

ABSTRACT to thermally pi otect neighboring structures from expan-
sion of the frost-ai;cct qoil.

This paper presents results of the open system labora- To examine the frost heave characteristics of soil
tory frost heave test which were conducted to examine the under the stationary freezing front, the laboratory frost
frost susceptibility of soil under the stationary condition heave test were conducted for long duration of time un-
of nominally zero frost penetration rate. The condition der nominally zero frost penetration rate which was im-
was induced by controlling boundary temperatures to mediately induced by the controlling boundary tempera-
maintain a level of freezing front. tures to maintain the level of freezing front within the

Tests on all specimens have indicated continual specimen.
heaving even after 2100 hrs, long after the nominally
zero frost penetration rate which has been achieved in 2. PREPARATION OF TEST SPECIMENS
the earlier stage of the tests.

Furthermore, it is important that the frost heave The test specimens used in this laboratory frost
rate decreases as time elapse. Our analysis shows that the heave test were prepared by remolding the sand and silt
rate of frost heave and, in turn, its amount are influenced sampled by the Tokyo Bay. The physical properties of
mainly by such factors as a degree of overburden pressure, these soils are presented in Table I. Fig. I gives the grain
(P). and cold-side temperature (02). Consequently, it is size distribution which has great effect upon the frost
proposed the following empirical formula for a estimation susceptibility of soil.
of the frost heave amount, (h). beyond the termination It is well known that the freezing point of soil is
of the frost penetration. depressed if the pore water contains salt. It is also ac-

knowledged by Y o n g and Serag-Eldin 2 ) that the salt has
h = oj I I - exp~. (OR - OF) t) adirect effect uron the frost susceptibility of soil. In
where a and P are the generic constants of soil, OF order to eliminate such an undesirable effect, specimens

is freezing point of soil and t is elapsed time. were saturated in pure water.

The formula gives on approximate evaluation of Pore water pressure is reduced across the unfrozen
frost heave, and shows a significant correlation between
the constant a and the medium grain size (DS0) of given Table I. Physical properties of the soils
soil consequently.

S I S-2 C I C 2 C-3 C.4

I. INTRODUCTION W.,e,e., w (%) 260 9.5 398 71.3 753 374

specific gsy Gs 2780 2.670 2716 2,719 26W0 2 586

Studies have widely progressed over the frost sus- Vol tio n %) 427 177 53 3 65.0 6 6 50.5

ceptibility of soil, partly because it is considered as one
of vital factor to design the in-ground LNG storage tank
and artificial ground freezing construction method. How- Sd (

7
420,I) a) 60.0 970 270 140 260 40.0

ever, previous research works had been conducted under Silt (5
7
4/m) 35) 5 30 535 490 480 460

the constant rate of frost penetration. In other words, L, (.6Na, sOAm) M 43 0 195 370 -26.0 14,0

few observation have been made under the stationary Lqi 11: * (a) 42. 869 6.2' 43 I

freezing front of zero frost penetration rate. Such phe- na,, limit Wp ()t 23.2 396 29.4 21 1

nomena of zero frost penetration rate can be induced by
the heat barrier installed around artificial freezing ground •sit...S' m.*",sT. .-dy sl ..4 dWO0, "CM me-.,liy -. 1,.
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iod because of the suction effect which occurs at the faces of the cylinders. Cylindrical specimens were cooled
freezing front. Large deformations due to consofidation :o a desirable temperature by employing electncally oper-
of normally consolidated cohesive soil under reduced pore ated unit which gives a immediate response to the needs.
water pressure can in turn affect the measurements3 ). The lower-side cooling unit is mounted with a pro-
To avert such an effect, each test specimen was precon- gramable temperature controller, which can vary the cool-
solidated by applying a pressure of 412KN/m', which is ing temperature along the lapse of time.
higher than the overburden pressure of 157KN/mz, ap- The range of working temperature on the upper-
plied in the experiment, side cooling unit is from 263 K to 283 K.

Each test specimen was a cylindrical type of having The lower-side cooling unit has the range of working
a diameter of 60 mm, and approximately 30 mim in temperature from 251.5 K to 273 K. Accuracy of tem-
height. To supplement the laboratory frost heave test, 90 perature control is within ± 0.4K.
im high test specimen was also used. A differential transformer type displacement gauge

of accuracy within 0.5 %/FS was used to measure the frost
heave. Water inflow and outflow were controlled at the

- ,. =- - upper end of each test specimen. The amount of water
0--../: flow was measured using an electrostatic volumetric

0 ~.change meter with its accurary of within ± 0.3 '/FS.

4. TEST CONDITIONS AND TESTING
_ -- PR.-EDURES
z

i 0013 00, 0 1 10
GRAIN SIZE Immi Eoundary temrra'ures of higher or lower than the

freezing point of the F2-1 v ,-re maintained for adequate
Fit. I Grain size di~tributon curves duration of time on top and l-cltc-, f::es of the cylindri-

cal specimens respectively to achievc ti..? condition of zero

rEST APPARATUS frost penetration rate.
The laboratory frost heave test of the open system

Given in Fig. 2 and 3 shows a diagram of the test were conductei. to observe the amount of frost heave with
ipparatus which was used for the laboratory frost heave respect to parameters such as type of soils, degree of over-
test. burden pressures and level of boundary temperatures.

It is widely known that the type of soil, the over- Table 2 shows the different combinations of these
burden pressure, and the thermal condition influence the parameters for the tests.

frost heave characteristic of the %aturated soil. Each test specimen underwent the test while packed
Th: mpparatms equipped with loading lever (magnifi- in an acryl mold. To prevent adverse effect from the

cation factor of 40) is capable of adjusting overburden intensive fric'on bctw'ev :he t,:st specimen and the inner
pressure incorporating with the heave effect of specimens wall of this mold, a silicon grea3z was used en t:ie inter-
by autoniatically maintaining the lever n its horizontal face of the mold and the s.!:cren.
configuration. In order to protect each specimen from ambient

Cooling plates were placed on the top and bottom thermal conditions, the exterior face of :he mold was in-

L M-, " ii 2 ]

f, Counter weight '4) Clutch 4) Displacement pl i ) Suspending tool .i Loading frame
2) Handle Ai Shown in Fig. 3 '4) Thermister A5 Piston-type cooling plate Acryl cylinder

Loading Lever 2 0-ring 1I, Specimen 'D Cooling plate
* Wetht l Pore water outlet opening U1L Porous metal 1 Thermomodule
a Mintor IS Loading platform 1- Preiquized container iO Volume change meter

A0 High-pressure tank Q) Premure adjusting valve ( Valve

Fig 2. Test apparatus Fig. 3. Detail of the cooling system (as 'A' in Fig.-2)
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Table 2. Combination of test parameter ena of continual frost heaviug at zero frsot penetration
rate continued more than 21 100 hours. No specimen

Overburden Both side temperature (K) Specimen indicated ceasing of continual frost heaving at the end of
pressur, height each test. Furthermore, it should be noted that there

P(KN/m , ) Cold-side 09 Warm.sideQu R (cm) were definite indication of decrease in frost heave rate

39 with respect to time.
15725 268 278

S-1 628 2
272 274

157 270 276 Calculated by (4)
268 278 6
263 -2830

277
271 281 4

39 270 276 C l b

S-2 267 279 C-

271 275 2
270 276 3 Soil P(KN/m2 ) Ou(K) Oq(K)

c-I-7157 2 271'-' - 17 71 27 [. C-2 157 275 271

C-2 157 271 275 0 --,---3 157 283 268
i('-3 157 263 283 0 500 1000 1500 2000 2500

272 274 ELAPSED TIME (hr.)
C-4 157 2 70 276 Fig. 4. Time dependent variation of frost heave

__________ 268 278 _____ Given in Fig. 5 shows the results of the test to ex-
amine the effect of overburden pressure upon frost heave.

sulated with a foamed urethane and an urethane mat. It can be seen that frost heave is significantly affected by
For the test conducted on a 90 mm high specimen, the degree of applied overburden pressure and it decreases

soil sample packed in an acryl tube was placed in another as the pressure increases.
acryl tube, and anti-freeze liquid of temperature 272 K
was circulated in the annular space for the purpose of S-1 P(KN/m') OQ
insulation. E -o- 39

The laboratory frost heave test was performed on 1.5 157 268-K
the following sequences. z
(I) The test specimen (pre-consolidated under a pres- .

sure of 412KNim a in case of silt) which has been r
previously saturated with pure water is packed into >
an acryl mold, and placed between the upper and E20.5 4

lower cooling plates. R

(2) The test specimen is then loaded with specified 0__
overburden pressure until the test specimen com- 0- 100 200 300 400 500 600 700
pletes its settlement. El APSED TIME (hr)

(3) The whole of the test specimen is next cooled down Fig. 5. The effect of o, erburden pressure on time dependent
to the freezing point, variation of trost heave

(4) A thermal shock is applied to the lower side of the
test specimen so that the test specimen will initiate Fig. 6 also shows the results of the test to investi-
a core of ice. gate the effect of the boundary temperatures on the frost

(5) The upper.side cooling plate is set to a temperature heave. Likewise with overburden pressure, boundary
"Ou" (warm-side temperature), and the lower-side temperatures also have the direct influence upon frost
cooling plate to a prescribed cold-side temperature heave, the lower the cold-side temperature, the greater the

frost heave at each point of measurement.

5. TEST RESULTS

Fig. 4 shows the time dependent variation of frost
heave amount for soil C-I, C-2, and C-3. Referring to the
results of the heat conduction analysis (see the appendix),
the frost penetration rate at 50 hours after the start of the
test is less than 10 o mm/hr which can be regarded as
nominally zero rate for the experimental purposes. The
test specimens exhibited continual frost heaving, even
after the frost penetration have terminated. This phenom-
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S-I Oq(K) P !t I I IKN/m 2  1
".. 26 Calculated by (4).a5 ""-2782O823.:

:-*--270 d 0 ..... _--. -
"--7 /,. - ..4- ...

Calculated b -

0.5 C K O IK P(KN/n 2) S-2

E o 276 27 39t0l'".. 267,,,~ _

10 

0
Z Calu ated by (4 )

00o > lu

C4 Og(KI p
LJ -o-68 C4

.. a- 270 157 I 'LQ -- *--- 272 000

w --- 7by()Calculated g
(C'kT ed d by(4) 0 _ 0

0 10
2  

- ....268

Clulated by (4) 8 -O- 274 272 157.

- 0 250 500 750 1000

10 (-3
Calculate by 1410.(K) ft(K) P(KNtm'

)  
(3

ed b 283 263 157by4

0 100 200 300 400 500 600 700 10 0
ELAPSED TIME (hr)

Fig. 6. The effect of cold-side itperature on time depended
variation of frost heave 02 r , , 0 -0

" o 5o0 IOO 1<x 2o0 2500

6. DISCUSSIONS ELAPSED TIME (hr)

6-I Derivation of an empirical formula Fig. 7. The relationship between reciprocal of frost
As described the phenomena of continual frost heav- heave rate and elapsed time

ing are observed. The attempt has been made to derive an

empirical formula for estimation of frost heave at zero
frost penetration rate that incorporates the effect of de- (A) 0. ---- S-I
creasing frost heave rate with respect to time. Fig.7 shows 0S-2
the reciprocal of frost heave rate as a function of time. The -&- C-I
relation between reciprocal of the frost heave rate (dt/dh) A
and elapsed time (t) is linear on semi.lagarithmic plot

sheet. This relation can be written as E " C-3

dt E .-
log ( )= at + b .... ........ (I) 5

where 'a' and ' are constants of positive value. -- - 0
Integration of the factor dt/dh over time leads us to a

following expression (2) of frost heave at zero frost penet-
ration rate. I.-- ----

h= I - exp (-O't) }.......... (2) 273 268 6(K) 3
Fig.8 gives the relation between constant a, ft' and 0

prescribed parameters selected for the laboratory frost (B) /
heave test. o is assumed to be a generic constant of the 4

soil, while 0' is assumed as a following expression. "

( OF (j -9Q)................(3)-

where OF is a freezing point of sil 06 is a cldsoide 2 0

temperature and P is the overburden pressure. A
Therefore the frost heave at zero frost penetration rate can " " -. !

be expressed in terms of previously described parameters
and constants as follows.

( 0 1.05 0.1 0.15
h=o I (--exp{( =OF)t] . .-- (4) (OF-6O)IP(K.m2 /KN)

where a and 3 are the generic constants of soil and Fig. 8. Relationships between a,#' and 0q, P
given in Table-3. rbe results of calculations according to
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the equation (4) with the respective values of ai and 3 are where
shown in Figs.4 through 6. It can be seen that those results K lhernial conductivity
are in good agreement with experimentally observed results.

Expression (4) incorporates well the effects of the Temperature gradient
overburden pressure, P, and the cold-side temperature, OQ, dx

upon frost heave. However, it is of our interest that the 0 = Temperature

effects of P and Op diminish as time passes and the value of L = Latent heat of fusion of water

frost heave converges to the constant value oY. -f = Density
d

Table3. Vluesfor, dt- Rate change of a given quantityTable 3. Values of a4, d
h(t) = Amount of frost heave

S--i S 2 (-1- C-2 C-3 C-4 Q = Height of zone
a (mM) 1.5 2.2 8.0 2.8 12.8 2.5 Suffix "uf", "ff", "iQ", and "fs" denotes "unfrozen

O(KNn
2
K.hr) 5.2.10

2 
1.6 - 10" 5.6.10

2 
1.3.161 2.1.1 1A.0l.xI0 soil", "freezing fringe", "ice lens", and "frozen soil" respec-

. . . . .. . .. . . . .... -tively .

t)-2 Confirmation by the heat conduction analysis The fact that our interest lies on frost heave at zero

To explain the time-varying phenomena of frost frost penetration rate and for further simplification of theanalysisithehfollowingaasumptionsnarenantroduced
heave at zero frost penetration rate from the viewpoint of analysis, the following assumptions are introduced.

heat balance, analysis of heat conduction were performed. (i) Ile temperature varies linearly in each zone; unfroz-
Fig.c9 shows the model used for this heat conducton en soil, freezing fringe, ice lens , and frozen soil.analysis. (ii) The phase change from water to ice takes place only

The thermal equilibrium equations on the boundaries at the segregation freezing front.

of unfrozen soil, freezing fringe (diffused freezing zone), (iii) The heat convectional flow due to water can be

ice lens and frozen soil as follows: ignored.
(I1) At the freezing front -- the interface between un- (iv) The materials in every zones are incompressible.

frozen soil and freezing fringe (v) The thermal constants are independent of tempera-
ture.

K 0ff " K - -L • .• With these assumptions and the thermal boundary condi-
ax ax - ' tions prescribed on top and bottom faces of specimens, we

Off =Gu OF (freezing point of soil) can rewrite the equations (5), (6), (7) as follows.
(2) At the segregation freezing front. - the interface Kff sg - K (8)

between freezing fringe and ice lens .- - .

x - Kf- /}f = L iq d h(t).- t) Kiq ) -Kff--- - = LT* dh(t). . (9)ax - a"x - " hot) ff d

0,1? ff of 0 g I(segregation freezing temperature) KQ Vs - O s-0 ..

(3) At the interface between ice lens and frozen soil h() )- fs--.'--f ............ (10)

- i 80i s The following equation is obtained considering the assump-
Kj = Kf-- .f . .... (7) tion (iv).

Oiq = Of, = Oi, (depending on time) Rus+ Qff + Qfs = 2 (initial specimen height)..(l I)

Tem- lConduc- Governing equations

perature Height tivity Zone Boundary

Unfrozen Ous = 0u

soil 0us QUs Ku, C us u s -x

Sus = 0ff =0
-- - : ...... . .. . , a~f 0us c19.,,

.ff - Kusl5 - =-L'----
Freezing Off 1kff Kff a i}ff ,. f a
fringe a Kga-= Ox2

- [ ff= 0i =n0sg.... Q 'Q }i ff d

Ice lens QOi h(t) Kq CiQaOiQ =KiQ KiO- Kff-'- =L(l)at X2  ax ax-~- Kg d-= t)

Frozen soil' 0fs Q[ Kfs i}f _ . f , K/l K. 0 0fs
-:1 Of 

K f
& Cf, "- -f t-f I Kj al'Q K fs"2"-f

I f, 
= 09

Fig- . Analytical model of the specimen
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Differential equation of the form (9) can be solved with tures. The experimental results indicates clearly the pres-
boundary equations of (8), (10) and ( I I ). The solution is sure dependent chatacteristics of the frost heave, however
expressed as the analytical results showed no significant effect of the

t=(B+ACIi',tA-Ch(t)-(B+AC)QnIA-h(t)) (12) change in the overburden pressure.
Further studies are taking place to overcome these

h(t) after the laps. of a sufficient time can be given by deficiencies in the analytical nethod. h.se deficiencies
equation (i13), since lira h (t) = A holds;c t - seem to resulted froln the fact that the effect of suction

A l mechanism due to freezing and the effect of hydraulic
h(t) = A I -exp+ t (13) resistance was riot incorporated in tie formulation of thewee ( +tIheat conduction analysis.
where,

A = q'fKi, j Kf,(sg -0 ) + Kff(0F--0g 6-3 Height of test specimen and its effect upon frost
Kt Kts(OF, OgI,) i ~Os O)+K(FO~ heave.

+ Kus(u - 0 F1 -QKffKr(O -0,s9) Cylindrical specimen of height 90 mm was tested to
P, KiQ Ks(0u_0 v ), examine the effect of change it height of specimen 6pon

B 
=  K f(_ ,) I C-Qff + K s0 g) ] frost heave. Fig.1 I presents the test result of the speci-ffKf,(61 -0,, Kft(Op - Og) men and also gives the values calculated by the empirical

C LY1 l'f equation (4) with the values of a and 0 shown in Table
.KffOE-Osg )  3. It becomes clear that the propensity in frost heaving

after the frost penetration rate being ionminal zero is sini-
The value for the segregation-freezing temperature lar to that of the 3 cm height test specitens.

was computed by the equations of thermal dynamics
derived by Clausius-Clape ron. The thermal constants of 5
soil were calculated on the basis of their void ratios, the
thermal constants of soil particles, ice, and water contained
in th e s p e c im e n s . C al u).

Fig. 10 shows the results of calculating the equations
0 2) and 13) using the thermnal constants and the thermal 3 -

°

boundary conditions for the soil "C-4". <Soil C-3
> fHeight 9O nlln

< ! P t57KNinm

I-.Ou -
7

6K
4X In

t' 
E 0 70

W W~ 6 O 270 K

,(t t) . 1 L00 2000
-'~dt/dh) -i ELAPSED TIME t (hr)1  

P 157KN/m"K Fig. I I. Time dependent variation of frost heave using

01 io' / with the specimen of height 90mm

o o, / t / 25However, corresponding results of calculations by the

. empirical equation show less agreements with those of the
0- test for the case of 90mm height specimen (Fig.-4). This
0" 25 50 7' ls) indicates that the height of specimen have possible effect

FLAPSED TIME lihrt on the values of a and i3. The height of specimen directly
Fig 10 Tins' dependent varlallnt lhtl aid dt/dhlth influences on the thermal gradient within the specimen

cackulated by eq W2. (113 under fixed boundary temperatures, and this change in the

thermal gradient, in turn. may well affect the frost heave
The time dependent variation of frost heave h (t) characteristics.

can be characterized by the facts that it converges to the Further studies as well as experiments have to be
constant value as time elapse and that its rate of conver- carried out to investigate their effect of change in height
gence increases as the temperature Oq decreases. As indi- of specimen upon the phenomena of frost heave in order
cated, the results of heat conduction analysis by the equa- to apply the proposed method to the design of aitifical
tions (121 and 13) well confirm with the results of calcu- ground freezing construction method.
lations performed by the derived empirical equation (4)
with respect to the characteristics of the time dependent 6-4 Grain size of soil and its effect upon frost heave
variation of frost heave, as described, and the effect of the characteristic
temperature Oq on its behaviour. It is widely known that the grain size of soil has

However, the following must be noted concerning direct influence on its frost susceptibility. Examination
the analytical results. First. frost heave, h(t), calculated was made to clarify the relation between the grain size of
by the analytical method shows faster convergence charac- soil, in particular that of DS0. and each of constants (k and
teristics than the actual behaviour observed by the experi- 3.
ments. Second. the soil "-S1, was tested under the vary, The relation between constant "0" and soil grain size
ing over burden pressture at constant boundary tempera- "Ds0S" was not established as the result of the laboratory
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I ) The following empirical equation proposed gives a APPENDIX: Heat conduction analysis for evaluation of
good approximate, on the amount of frost heave. h. frost penetration rate

The dimension of test specimens used for the labora-
h = t I I - expi (OQ 0)t I tory frost heave test were not heigh enough to allow mea-

P surements of the frost penetration rate. Therefore, the heat

in which 0Q is a the prescribed value of cold-side tem- conduction analysis was carried out to estimate the trost

perature. 0F is a freezing point of soil, P is a over- penetration rate.

burden pressure, a and I are generic constants of the The following assumptions were made.

soil, and t is time. (i) The effect of water flow into specimen is negligible.

2) The equation of the form (13) derived from heat (it) The thermal constants are independent of tempera-

conduction analysis resembles the empirical expres- lure.

sion of the above form and incorporates sufficiently (iii Both frozen and unfrozen soils are incompressible.
the time dependent characteristics of frost heave and The governing equations for temperatures of frozen and un-

the effect of 0) on this phenomena. frozen soils are (Al) and (A2) respectively.
3) It his been observed that there exists a significant ao, al,

correlation between the constant ae and the parameter - ota f - (froen soil) ............ (Al
D50., and the value of a is greater for cohesive soil at x
than for sand. a62

In additon, the effect of change in height of specimen - L = - (unfrozen soil) .......... .. (A2)

on the frost heave has been observed through the laboratory where
frost heave test conducted on the 9cm heigh specimen. 01 = Temperature of frozen soil

02 = Temperature of unfrozen soil
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a( = Thermal diffusivity of frozen soil where
Otu = Thermal diffusivity of unfrozen soil Kr(O-- Oq) + Ku(8u -

0
F ) XF

t = Time X= Kf(OF-Oj) "T

The boundary condition at the freezing front a,. As the result of this analysis, the value of dXF/dt
given by equations (A3) and (A4). under 2K difference in the boundary temperature was

,I - KU 2  = LdX ..... (A3) d e te rm i n e d t o be l O t0 m m / h r at 50 h r s a f t er th e i n i t i a t i o n

ax X XF ax X Ku -x( of cooling, which comforms the fact that the frost pene-
tration rate has been nominally zero, after 50 hrs of cool-0,o tI 021 0

....
=

.O...............(A4) ig
XXF ing.

where

Kf = Thermal conductivity of frozen soil
Ku = Thermal conductivity of ,infrozen soil
XF = Location of the freezing front
L = Latent heat of fusion
y = Density
OF = Freezing point of soil

The finite diferential method was applied for heat
conduction analysis. Formulations of equations (Al), (A2)
and (A3) were carried out by the weight average method.

Values of 01 and 02 are numerically solved by equa-
tions (AI) and (A2) for an assumed value of XF and this

computation was iterated until the value of XF and equa-
tion (AI) and (A2) satisfies the relation expressed in
equation (A3). The boundary conditions and the initial
conditions applied for the heat conduction analysis are
as follows:

01 = 0 (cold-side temperature) at x = 0
02 = Ou (warm-side temperature) at x =

XF= 0, 0
=Ou att=O

where
Q = height of test specimen
Fig.Al shows the calculation results for the "C4".

EXF n= 
27O

E- -dXFld

1 0 ..O Q(K )d K ) u = 2 7 6Kt

~ E x (j272 274\b) 27 276
wt10-1 

2
c NI) 20

X 20
< = b)

10 0 0 207

(c E b)

0

0 to 15 _20j 270 2 6
ELAPSED TIME t (hr) TEMPERATURE (K)

Fig. Al The result of heat conduction analysis (C4)

The results of calculation for the frost penetration
rate starts to show fluctuations in their values for large
values of t and JXF/dt smaller than 10'

3 
mm/hr. There-

fore. the assumption of linear variation of 01 and 02 with
respeL. to x was applied to transform the equation (A3)
into the equation (A) which expresses t in terms of XF
as below. This assumption has been verified by the use of
finite differential method.

L7{Kf(0F -0q)}
2  I , Ku(Ou-OF)

=Kr(0-O )+Ku(0u-0F)} 2 K4.(F -0k)

{X + Qn(I -X)}I .......... (AS)
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ABSTRACT required to know about the relationship between the
confined pressure and freezing rate, and, moreover, the

Introduced hereafter is the results of experiment effect of freezing on unfrozen soil as well.
carried out in Japan to quantitatively obtain the frost heave Although the effect of freezing on unfrozen soil in
pressure and displacement of soil subjected to artificial normally consolidated clay has not sufficiently solved yet,
freezing Or freezing around in-ground LNG storage tanks, the test method for obtaining the frost heave susceptibility
This experiment is conducted to evaluate the frost heave of soil under the stress state of over-consolidated zone is
susceptibility of saturated soil under overconsolidation. In proposed by Takashi."t

other words, this experiment was carried out to obtain the Moreover, this method constitutes a basis for the
relation of the over-burden pressure and freezing rate to the method of frost heave test in "the Recommended Practice
frost heave ratio by observing the frost heave displace- of LNG Inground Storage Tank" of the Japan Gas Asaoci-
ment and freezing time of specimens by freezing the ation.2 )
specimens at a constant freezing rate under a constant over- The method proposed in the above practice is
burden pressure, while letting water freely flow in and out introduced here and, at the same time, the following facta
of the system. which have been attained through this experiment con-

It has been known that there is the following relation cerning the relation between the frost heave susceptibility
of the frost heave ratio. t to over-burden pressure, a and and physical properties of soil are reported hereunder.
freezing rate. U of soil tested by procedures described The frost heave susceptibility of soil was found
hereafter. through this experiment to be correlated particularly with

= to+ 00 (I + /ULlathe grain size of D50 equivalent to 50% passing on the
grain-size accumulation curve, this correlation may be used

Where, to, ao and U0 are the constants inherent to soil to approximate the degree of the frost heave displacement
determined by the experiment, and pressure. However, the displacement and pressure are

Introduced here are the procedures for frost heave required to be strictly obtained according to the proposed
test required to quantitatively obtain the frost heave method after all.
displacement and pressure of soil. Furthermore, the
relation between the frost heave susceptivility and physical 2. Frost heave test at conatant rate of freezing
properties of soil obtained by this test is reported. 21Budr eprtr odto omiti h

1. Introduction freezing rate at constant
The following temperature conditions are required to

The frost heave susceptibility of soil has been keep the freezing at a constant rate, Fig. I schematically
evaluated qualitatively on the bases of the physical illustrates test specimen. When the elapsed time is t and the
properties of the soil (grain size, centrifuge moisture distance from the lower face of specimens is x, the initial
equivalent and consistency). It has also been known that conditions are:.
the smaller the confined pressure is. the larger the amount m0 at=o()
of frost heave become. According to these evaluationxf=o at 0(I

methods, however, it is impossible to quantitatively obtain Since the temperatures over the upper and lower faces of
the frost heave displacement and pressure. In order to specimens are equal to the specified temperatures, Ou and
quantitatively obtain the amount of frost heave, it is Oqover the upper and lower faces respectively, the follow-
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ing equations are given for the boundary conditions:

0 = o at x=0 (2

0e = Ou at x = 1 (3) unfrozen
soil

As the tempei. lure in the interface (x=xf) of frozen Xe
soil and unfrozen soil is equal to the freezing temperature,
Of of soil, the following relation holds: " ef ei2

82 = f at x = Xf (4) frozensoil
In additionin vies, of the fact that the difference - O II

between the heat flux penetrating from the unfrozen sod el
layer and the heat flux transmitted to the frozen soil layer Fig. I Model of specimen during frost heave test
contributes the progress of freezing front, the following
equation is formed:

2.2 Test apparatus
k,-e 1  k, I - L), dx (5) Fig. 2 illustrates a concept of the frost heave test and

ta X%..f *axx.x Fig. 3. the diagram of the apparatus. This test apparatus

Where, 01: Distribution of temperature in frozen soil with a maximum capacity of 2 tf, is capable of applying a

6,: Distribution of temperature in unfrozen constant pressure to a specimen during test by applying a

soil load to the loading frame (3). As air pre:sure is applied in

k, Thermal conductivity of frozen soil the pressurized container (14), it s possible to maintain the

k2  Thermal conductivity of unfrozen soil pore water pressure in specimen at an arbitrary pressure of

it Unit weight of frozen soil up ts 10 kgf/cm 2

L Latent heat of freezing of soil
Q Length of specimen overburden

An exact solution is given by Takashi 0, but if it is assumed
to be possible to linearly approximate the temperature V/// /_ - .---water
distributions in the frozen soil layer and unfrozen soil layer
in view of the fact that the length of specimens is short, the
following equations are formulated:

0 OR acryt

01 = f - f X + OQ (0<x,<xf) (6) cytinderxf

02 8 u - f (x -xf) +Of (xf <x <) (7) drcino
I- xf treezing

When Equations (6) and (7) are substituted into Equation
(5) and it is solved for 02 by taking into account the relation Fig. 2 Concept of the frost heave test

of Equation (I), the following equation can be obtained:0, Of0k = 0f -A(L'iU + k2  - (8)
k 2-Ut

When the finished time of freezing is If (=QIU) and in case .-

0u * Of in Fquation (8), it will become difficult to carry @
out the test since: 9

lim O()

Therefore, the temperature over the upper face, 0u has to I 1

Ou = Of (10) ...

When this condition is substituted into Equation (8), the i i
temperature over the lower face becomes as expressed in
the following equation: 'I' Driltem.tpe . , Sp."irqlSoo I hr-

I Ihr tse -* Plt ir-lp. -Aw atitll Ahcr ¢yl cpliftdles

L-y, U' 7 0-g . %pC -- it ,, 1-heir rim.0 
=  Of U (II) , e01P w.a. r Wl, o Vrn_ P"i .. Ith.i . rh.. i ihi

f toadnii platform , Preunzed toOtlam r t dl. . ielt

In order to carry out the test so that the freezing rate. U.) fifqh pie.- (,. it. r ..re , m, .I ., r..

will become constant, the temperatures over the upper and
lower faces, should he controlled to the temperatures Fig. 3 Frost heave test apparatus

obtained accirding to Equations (10) and (I I).
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Cooling of specimen is carried out electrically by determine the soil-inherent constants varies for different

means ot therlnoniodules provided at tile upper and lower types of soil, it is necessary to carry out tests on a

ends of tile specimen. The temperature over upper end reasonable number of specimens in case of soil with large

of specimen can be controlled to a constant level within frost heave susceptibility by changing the overburden

a range of +10' -- 10 '
C. and that of the lower face can pressure, a and freezing rate, U. One such example is

b, adjusted by progiamirable control divice at a given shown in Table 1.

time to an desired temperature within tile range f +"2.5 -
-22 .c

Tise major items of neasurements are the amount of
frost heave and that of water intake discharge. The amount Table I Amount of test specimen

of frost heave is mseasured by a differential transformerr0 3 06

type displacement gauge, and the amount of water by an - 2 0 4

electrostatic volunetrtc gauge. The results of these t - 0- 0 0 0 0 O - 0

measurenients are recorded in a digital and analog 042_ 0

wecordeis. U- 11 -0 t-T
Although the diameter of" the cylindrical mold is 4 0 o 0 0 0 L 0

fixed to i, cm and the height up to around 10 cm.

li order to study the dimensional effect of speci- where, 01 > 02 > .. > 0

miens. a large scale apparatus for frost heave test that U1 , > U2 > LI3 > U4

permits testing ol specirens of 30 cm in diameter and 20

40 cim in height is also used supplementary.

-.3 Test Method

The procedures for tile tests are as follows:

, Before starting tile test. determine the freezing point 2.4 Analytical procedures

of tile soil. Knoshita
3) , Takashi et al.') found that the following

2, Form the sample into the specified dimensions. Place relation exists between the frost heave ratio, t and the

filler paper on each side of the specimen and place overburden pressure, o. When frost heave test is carried

the specimen into all acryl cylinder. out nder a constant overburden pressure and constant

3'1 Place the acryl cylinder on the cooling plate and late of freezing while letting water freely flow in or out of

insulate the outer surface of the cylinder, the system (Fig.4(a 1:

4 Saturate the specimen. t= A + B,'o (12)

S Mount tile apparatus for measuring the amount of
frost heave and the amount of water intake/discharge. Where A and B are the regressiont constants.

6' Consolidate the specimen until the complele settle. Moreover. Takashi, et alt expressed the effect of the

ment is achieved due to pressure of the specified test freezing rate. U on the frost heave susceptibility of soil as

pressure plus I kgf/cm,
2

. follows:

7 Remove I kgf/cm2 and set the specimen under the c + I/./U- (13)
specified overburden pressure until displacement

slops. Where C and D are the regression constants.

$ Adjust tile water level in tile apparatus for measuring In addition. Takashi et al.t) introduced the following

the water intake'discharge to the level of the top of emperical equation which incorporates the effects of both

tire specimen, the overburden pressure and the freezing rate by correlating

9 1ower the temperatures over the upper and lower the two effects, as indicated in Fig. 4(b):

faces of the specimen to the freezing point of the soil. t = to + Go (I + V U)/o (14)

in Set tile temperature of the lower cooling plate lower

than tile freezing point of soil. to form ice cores at Where, to, oo and Uo are the constants inherent to

tile lower end of the specimen soil determined experimentally (hereinafter these constants

it After confirming, the formation of ice cores by are referred to as "tile constants of frost heave").

observing displacement due to frost heave or by Where the ratio iof water intake/discharge is to be

measuring amount of water intake/discharge, reset tw, the following relation is established between the water

tile temperature of the lower cooling plate to the intake/discharge ratio, tw and the frost heave ratio. t.

freezing point of soil. according to the water balance:

i:z Adjust the rate of temperature fall of the lower
cooling plate constant to let the frost penetration rate
constant. Where I' is the volumetric frost heave ratio when pore

11, Measure the displacement due to frost heave, and the water freezes, and nf. a constant obtained experimentally.

amount of water intake/discharge at various time. to, Go. Uo and nf in Equations ( 14) .,nd (15) can be

i4t After the freezing front has reached the upper end of obtained as follows:

specimen. maintain a specified temperature (- I O°C) First of all, to is obtained, as shown in Fig. 4(a), by

and connirm the tertiination if frost heave, establishing, for each freezing rate, a straight line that

, Measure the amount of natural defrosting settlement. represents the relation between t and I/o and averaging the

Although the number of test specimens required to values of intercepts on ordinate.
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I

oo is obtained, as shown in Fig. 4(h), by arranging all (a)
of the test results in terms of the variables (Q to) o and u (mmhr)
I /V -and by establishing linear relation and finding the 10 0 36
value of irercept on I ordinate. 5 - 9

Uo is obtained from the gradient of the above straight -
line, oovx/. As shown in Fig. 4(c), the relation between
t and tw is represented by a straight line having a gradient ro

of (I + Fn. flf is obtained front the gradient of the straight W 5
line (I + F) and the coordinate value (to + tf') at the inter

cept of the straight line with the t-axis. .

0*
3. Relation between frost heave susceptibility and 0 05 0 IS 20

physical properties of soil t I t(af/cm.'

3.1 Properties of specimens (b) u (mm/hr)

The specimens used for the test come .to 4) types. 0 0 36
and the grain size accumulation curve is as shown in Fig. 5. 0.3 - 0 55 o

ong 179Among the sol in Fig. 5, the soil which stands by itself and -- * 5 79
the one which does not stand by itself when it is formed
into specimens are classified into clayey soil and sandy soil, .f 0 o

respectively, in view of convenience. o 00.

Meanwhile, the specimen D. in the diagram is a
specimen used to study the effect of freezing/thawing and a. .
the effect of length of specimen on the frost heave suscepti- ,7
bility. 0

All specimens of sandy soil are disturbed, but those 0 05 0 15 20
of clayey soil are not except the two. he two specimens 11A- (MfnIhr)-"
of clayey soil and those of the sandy soil were formed into
specimens by agitating and saturating after adding pure 12
water, and recontsolidating at Ko condition.

3.2 Test conditions 1/1.r

The preliminary studies were made on the effect of 8 t
freezing/thawing and the effect of length of specimens 8.
exerted on the frost heave susceptibility of soil. In order to o6 o
study the above effects, a preload of 4.2 kgf/cm2 was 0
applied to the specimen, Dc prior to testing. From this 4.n0

specimen, four test pieces of I. 2, 3 and 7 cm ii height
were prepared, and freezing and thawing were repeated five o
times for each specimen. 04o 0

In order to study the effect of diameter in addition
to that of the height of specimens, test was also carried out -2 0 2 4 6 8
by using the speciniens of diluvial clay of 25 cm in height 9w (t.)
and 30 cm in diameter. 4)

This test was carried out under the following con- Fig. 4 Results of least heave test (a) v.s. I/o,
ditions of overburden pressure and freezing rate. When the (b) ([ - Go) X a vs. I/I/'" (c) 1 vs. Ew
overburden pressure is low, it seems that the ;-pparent over-
burden pressure actually applied to the specimen was higher 100
than the initially applied pressure in the amount of stress
attributable to the resistance of movement of pore water.
Consequently, the minimum value of the overburden
pressure was determined to be 0.5 kgf/cma in view of the "

fact that the frost heave ratio obtained according to 50
Equation (14) and the actual measurement were riot s Ln
equal.

t  The maximum value was selected to be 12..so'I
kgf/cm' taking into account the frost heave pressure
presuming the condition of the ground surrounding the in- 0 0.
grot.nd storage tank. 0001 0.01 01

Lower freezing rate resulted in continual formation (mm)
of ice lense adjacent to the upper boundary of specimen, Fig. 5 Grain size accumulation curveand freezing was never completed. Thereby the reliability

of data was reduced. Therefore, the range of freezing rate
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was set to be 0.5 - 15.0 mam/hr. As a method for prevent- The fact that the effectise stress increased means

ing a phenomenon of continual formation of ice lense that the overburden presure increased. Therefore,

before the complete freezing of specimen, it was found to the frost heave ratio became smaller.

be effective to plce a perforated plate of polyvinyl Since freezing progressed while discharging

chloride on he upper part oftspecimen, water, the positive value of water pressure was
induced on the freezing front which results in

3.3 Results of tests and discussions decrease in the effective stress on the front, hence it
(I) Variation in time of the arriuut of frost heave and was expected that the frost heave ratio was to

water intake/discharge become larger as the height of specimen became
Fig. 6 shows the variation in time of the tern- higher as shown in the solid line in the diagram.

peratute of lower coolinig plate, amount of frost However. when the height ospecimen became larger

heave, and that of water intake/discharge during ex-
periment. Frost heave was commenced when the
temperature of lower cooling plate was lowered to E -- 0
the temperature at which ice cores ar: formed. 6 6 -- ,,-- t 60

Variation of the amount of frost heave and that of 2 40

water intake/discharge was nearly linear during the 4 - 640
progress of freezing. This indicates the fact that MM"
freezing progressed at nearly constant rate on the ... - .
condition that the cooling surface temperature was O " h... t'

controlled according to Equations (10) and ( I l I. The s0 5 t00 5 20 25
end of freezing can be identified according to the e4a1,. tim (hr)

inflection point of the change with time of the 09 : d -0 t04 N /r)

amount of frost heave arid that of water intake/ 2LtE.
discharge. The fact that tfost heave continued or a -10

certain period of ine even after the end of freezing is Fig. 6 Variation in time of the temperature of lower
considered to be caused by the secondary expansion cooling plate and amount of frost heave.

due to temperature drop in frozen soil.
Frost heave did not progress for a ceitain

period of time even after tie start of freezing. This is 4

considered to he caused by the fact that whai Takagi,
et al. called "dtftused freezing zone" was not formed I 6kl/cm

2

completely arid the water intake capacity was not u, . de/dt - 033Chr
sufficientl, demonstrated in the zone. o-----o-

(2) Effect of freezing artd thawing 2 A
Fig. 7 shows the relation between the frost 2 -- . . . . . . . ..

heave ratio, t and the frequency of freezing and thaw- .Cr)
ing. N. 0A/  o

A little variation due to the etfect of freezing and 13
thawing on rost heave was obeeted throughout A7
specimens of different heights for the first cycle of 0 24 6
freezings and thawings but no variation was observed N
from second cycles.

When each test conducted under different Fig. 7 Relation between frost heave ratio. , and frequency.

condition of freezing rate and overburden pressure N of freezing ard thawing.
was perfornied on newly replaced specimens, we can

expect variatbon in properties and discrepancies in 40
dimensions of specimens. U 

= 06cm/hr

Taking into account these factors and assuming ; K 66x I0-cmfrr
that the above extent of difference in the frost heave ut p . . -

ratio would he negligible in practical application on
the condition that the test load was within the rver- 2 -

-

consolidated zone. the same specimens were repeated- o
ly used in the test described below. ...

(3) Effect of the height of specimens
Fig. 8 shows the relation between the frost

heave ratio arid the height of specimens. The frost 0
heave ratio showed a maxinrn value when the height 0 2 4 6
of specimen was around 2 cm. Q (cm)

In case the specimen was froen while absorb- Fig. 9 Relation between frost heave rati., and height

mg water, the pore water pressure on the freezing of seim en r
tront dropped as freettg progressed, and the effec- -f specimens. I.
tive stress increased by as much as the pressure drop
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than 2 cm, the frost heave ratio became larger. This ance to the water movement, the frost heave ratio of
phenomena can be explained by the fact that, for the 37.6 % calculated for small specimen corresponds
height being as large as 7 cm in contrast to the very well to that of 35.1 % of the large specimen.
diameter of 6 cm, the overburden pressure was Judging from the above observations, the di-
increased due to induced friction on the interface of ameter of 6 cm and the height of 2 cm were adopted
the specimen and the acryl cylinder in spite of the as the standard dimensions of specimens, since test-
provision of silicon grease to reduce the friction. ing by increased height of specimen resulted in un-

On the other hand, in case the height of necessarily longer period of test required and increase
specimen was smaller than 2 cm, the smaller the in the resistance on the surface around the specimen.
height, the smaller did the frost heave ratio become. (4) Relation between constats of frost heave and physi-
In addition to the above reason, this was caused due cal properties of soil
to the fact that there existed a limited zone i.e. so It has experimentally been known that the frost
called "diffused freezing zone" rather that the total heave susceptibility of soil can be evaluated according
surface area for adsorption of water. Any frost heave to simply the size of soil grams obtained through
did not take place until such zone was developed, analysis of the grain size. Generally, the soil with a

Moreover. comparative study was made on
the frost heave susceptibility of mud stone using
small specimen of ct in diameter and 2 cm in . So
height and large specimen of 30 cm in diameter and r
25 cm in height (Fig.9). In case of the large spec- , 0 o C, 50 Sos

imen under o = 3.Q kgf/cm2 the measurements are ( ',, 1 0_ -

not reliable because of a large quantity of ice lense o 0.5 * - . .

formed adjacent to the upper boundar% of spec- *... .

inen. In case of the specimen under c = 0.9 kgf/ .

cm2. however, the ice lense was formed :egularly. 0. 1. 0
and there appeared the value smaller than that ob- . 0
tained according to the empirical formula derived 10 1 10-1
for the small specimens. This is due to the fact 050 (Mm)
that the smaller frost heave ratio was induced since
the apparent overburden pressure increased due to
the resistance of water mo1,',vetent as previously b)
described. When the frost heave ratio is corrected 4 o Sandy Sois
according to the equation s) incorporating such resist- 0 etayey Ss

23 

o

82~~ ~ .b-0I10P)I se 0 0
-o 0 0

0 .. , , pp 000010- to-31a 10 1+0
*a-a~IVm 05 m

04 £O3941JB~i~ (c)

S0 ( Sandy Sos

A0 0 0 . Clayey Sois 0 0o
.5=O *,': • • *

0
o  

a-oW-rr E -- 1 0 00•
• • o

0 0 00 C P

a I, IZ50 (mm)

I J
7 
i mmhi 

%

Fig. 'I Comparison of frost heave ratio between large Fig. 10 Relation between DSo and the coefficients of

specimen (30 cm in diameter and 25 cm in height) frost heave (to, ao, Uo).
and small specimen (1, cm in diameter and 2 cm
in height
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grain size of 0.1 min or greater is not susceptible to
frost heave, but the smaller does the grain size be. o5
come, the greater the frost heave susceptibility, and
the susceptibility reaches the maximum value when Q4

the size becomes 2 to 5 gm. However, should the size
become far smaller, it is said that the permeability is
reduced thereby resulting in difficulty to supply *
water and the frost heave susceptibility becomes 0
smaller on the contrary. 102 0"

Having the method for analysis established as in * *

the equation (14), studies were made here on the 01 "
effects of the grain size, content of clay, specific o wlt.
surface area and consistency on the coefficient of 0 - to-e too-

frost heave. o -6 (m
I Effect of grain size and content of clay

When the grain size of D5o corresponding to Fig. II Relation between D50 and ao N2-0.
50 % passing on the grain size accumulation curve
becomes smtller loparithmically, the coefficients of
frost heave (Qo, oo, Uo) tends to become larger.
However, the correlation between N/Uo and D0 is
insufficient. Consequently, in view of the fact that VC
Uo can be obtained according to the slope and inter- Va 0

cept of the graph on the relation between ( - to).
a and I/ .A- study was made on the correlation be- A0

tween OoViio and D5o to achieve less variance (Fig. 0 .
11). As a result, the more excellent correlation has 'S* .

been obtained. C2 0 0 % 0
Moreover, oo V'F tends to increase as the • o .... .

content of clay, Vc or the content of (clay + silt), Vcs . -..- 
°  0

inc-eases. The extent of the correlation appears more :s 0.
significantly in case of Vc than Vcs (Fig. 12). 01 0A 20 40 60 so 10,

The respective coefficients tends to increase, V0 M) 60 O )
should the value of the specific surface area become Vc r.) wc (%J
larger. Fig. 12 Relation between content of clay, Vc or clay + silt.
2) Effect of consistency Vcs and Dso.

oo vTJ became larger as the plasticity index,
Ip and the liquid limit, WL became larger. However,
any correlation with the plastic limit, Wp was not ob- G6 (a) OWp / (b)
served (Fig. 13). The former tendency is caused due /o OWL o
to the fact that the higher the values of WL and Ip,/
the higher the content of fine particles. The latter O.A -
tendency is considered to be caused due to the fact
that Wp does not chp.nge as much as WL although Wp 0 G 0

increases., though not linearly, along with the increase , 0 4M/ I,
in the specific area of clay. 0.2 0 0 oi

Since the coefficient of frost heave has been 0 a o O 0
shown to be correlated with the grain size of Dso as 0a ;

the above, it has become releavant that these relations 0 6,
can be used to macroscopically obtain the displace. 0 50 100 so 100
ment and pressure of frost heave. In order to obtain lP ('1.) WP,WL ('1)
exact values of the displacement and pressure, it is
necessary to conduct the proposed frost heave test at Fig. 13 Relation between consistency and oo.A
a constant freezing rate.
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4. Conchuon

As a result of determining the frost heave suscepti-
bility of saturated soil in the over-consolidated zone
through testing specimens under constant freezing rate and
under constant overburden pressure, while letting water
freely flow in and out of the system, the following fat ts
have been made clear:
(I) In order to quantitatively obtain the displacement

and pessure of frost heave of soil, the proposed frost
heave test has been proved to be effective and the
empirical form of equation 114) was shown to be
relevant in describing the frost heave ratio in terms of
overburden pressure and freezing rate.

t2) to, no, Uo and no %V'U that indicate the frost heave
susceptibility of soil are correlated to the grain size of
of DSO equivalent to 50f7 passing on the grain sic
:iccumulation curve, contents of clay and silt, and
consistency. Since these constants are particularh
correlated to Dso, this relation can be used it) oh-
tam the displacement and pressure niacroscopicalh

St In case soil is frozen while intaking water, the frost
heave ratio becomes larger as the length of specimen
increa-es, but the ratio become% smaler when the
length is increised it) a certain level on the contrar'

(41 The freezing and thawing history does not exert
significant -'tect .,'i the frost heave susceptibility of

5. Postscript

It can he concluded that the test proprosed herein is
very effective as a method for obtaining the frost heave
susceptibility of soft in the overconsolidated zone. In the
future, it is necessary to investigate the frost heave sus-
ceptibility of soil taking into account the displacement of
unfrozen soil within the specimen of normally consolidated
clay, where the effe-t due to freezing appear significantly.
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FROST SUSCEPTIBILITY TESTING OF
A COMPACTED GLACIAL TILL

P. Garand, Project Engineer, GeosInc., Montr6al, Canada
B. Ladanyi, Professor, Dept. of Civil Engineering,

Ecole Polytechnique, Montreal, Canada

, matrix enables water movement to take
place. The work of Burt and Williams

On rn4 a.is 0 -:d room study ( ,76), Loch and Kay (1978) and
inv-,v.ng a comnac, i-].Lcial till, the Horiguchi and Miller (1980) are expli-
authors propose an ex-!"'entfal method cit to this o"fect.
for determining the frost s,'sceptibllity Segreational frost heave was pre-
of compacted earth materials by meas - viously seen as a phenomenon occurring
ring the maximum drop :f hydraulic po- at the interface of a discrete ice lens
tential enerated at th, warm side of and the soil matrix. It is now viewed
the suppecooled fringe burinv segrepa- as the interaction between a drop in hy-
tional " eezinp. This retentiil drop draulic potential generated by a porous
was found to he relatively inoi -ndrnt medium subjected to spatial variations

of the soil skeleton .n,-r,.t, rut.:ire an,! of physieal, thermoe0namic and chemical
,)f the decree of saturation durinfg com- properties, and the thermal and mechani-
ne', ion, b',t inoreased with the thermal cal constraints governing these varia-
gradient. The msxilim rate of frost tions.
h'v~n,-a o s , ;ncr'-ised with increasing The potential difference between
trherre cr~ii'nt ie ,ereased with an different areas of a satucaL-.d porous
n---i 'u-n saturni:on Ji ring n( mpaction. medium is recognized as the driving for-

'"- re.-ultoo ,f frost heaving tests ce of fluid movement. This has been
have, been coirprired with two mathemati- formulated by Jumikis (1966) in descri-
,al models for representation of frost bing primary and secondary potentials
hoave test results. When the frost as being externally applied and inter-
front still penetrates into the soil and nally induced potentials. In a satura-
the thermal field has ncit yet stabili- ted porous medium, the hydraulic poten-
zed, the heave can be approximated by a tial at a point it a pore can be expres-
linear relationship between the I, h, sed as the sum of Jifferent primary and
and the square root of t.Ie. However, secondary potentials. These primary
when the frost front stabilizes, the and secondary potentials may be non ex-
h-qve can be very closely approximat,, hq!:stively defined as the gravity poten-
by a hyperbolic relationship, which oni- tinl, the capillary potential, the ther-
bler a simple determination to be mide modynamic and also, as studied by Loch
,,f the asymptotic value of frost he-ve (1978), the osmotic potnntial.
-fter very long periods of time. The recognition of the existence

of the frozen fringe between the ice
lens and the unfrozen zone led resear-

IN7F)!U'TI,(1N chers to reassess what is now called
the primary frost heave tliecry and to

:t is now generally accepted !.hat develop the bases of what is called
in frozen soils the occurence of a layer the secondary frost heave theory (Loch
cf -,nfrozen adsorbed water on the soil and Miller (1975), Miller (1980),
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Hopke (1980)). These models give an in- TEMPERATURE FIELD
sight into the role of the stress parti-
tion between phases as a regulator of Frost heave testing of soil sam-
lens initiation in rhythmic ice .banding. ples is usually done by controlLing the
The Konrad and Morgenstern (1980, 1981) temperature field by means of thermal
model in turn puts the emphasis on the constraints at the extremities of the
permeability of the frozen fringe as sample. A discussion made by Miller
he main regulator in lens initiation (1980) about quasi-steady states and

and growtn. On these premises it can true stationary states of one-dimen-
be seen that, while the development of sional heat flow in a sample will per-
a drop in hydraulic potential acting as mit an interpretation of a specific
an initiator takes place, fluid motion type of frost heave test.
subjected to mechanical restraints and Consider a sample subjected to an
varying permeability acts as a regula- initial isothermal temperature field
tor.- slightly above the freezing point of

Since the formulation of phenomeno- pure water. Then suddenly a differen-
logical models of segregation freezing ce of temperature is applied at the ex-
is still in evolution, the work reported tremities of the sample. One end of
hereafter was intended as a descriptive the sample is subjected to what will be

study of frost heave behavior. A speci- called the cold side temperature
fic kind of frost heaving test is des- (T2<0

0 C) and the other end to the warm
cribed enabling the definition of a pa- side temperature (T1>0

0 C), as shown in

rameter taking into account tt. evolu- Figure 1. The frost front penetrates
tion of the thermal field dur4ig the the sample from the cold side towards
test. This parameter, called the maxi- the warm side. At the beginning the

mum drop of hydraulic potential, seems thermal gradient near the cold side and
to be a good alternative indicator of the warm side will be important, the
the frost susceptibility of a compacted frost front penetration will be rapid
soil. tn addition, proposals are made and the frozen fringe will be of small
concerning the mathematical mocelling thickness. As time passes the iso-
of the heave test results and their ex- thermal conditions of the middle of the
trapolation to longer time periods, sample will disappear and the thermal

I Qwater jfs-ma
flow tTV0

WC T*0 0 T

V0O T, Vh0 T0

a b C
Figure 1. Thermal regime during the tests.

a - Rapid penetration of frost front.

b - Slowing of frost front and initiation of ice lens, thick-
ness of frozen fringe at its optimum for maximum drop of
hydraulic potential.

c - Trend towards true stationary heat flow, warming of the
colder side of the frozen fringe (AT**<AT*) due to the
length increase of the sample (AT).
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gradient will tend to become linear in EXPERIMENTAL APPARATUS AND METHODOLOGY
the frozen and unfrozen zones of the
sample. There will be a moment during An isolated lucite testing cell,
which the frozen fringe will be subjec- similar to the one used by Penner and
ted to such a thermal gradient that the Ueda (1977) and develosed by Northern
initiation of an ice lens can take pla- Engineering Services, was used. t*fr
ce. This means that at this particular ring to Figure 2, tlhe cell consists of
moment the thickness of the frozen frin- a cylindrical chamber in which a soil
ge is at an optimum value and t!hat the- sample (G) can be compacted. A piston
temperature distribution along it- (C) can move inside the chamber in or-
length permits the maximum quantity of der to apply vertical pressure on the
unfrozen water to siubsist and therefore samnl-. A plastic membrane (U) joining
the maximum permeability to exist. Af- the pisto n to the inside shell of the
ter this moment, the water migrat~on cell enables the piston to move without
tends to increase the heat. flo)w toward Ir OIEC~ the water from the samrple. A
the ice !-ns and ' :: r 1 -" dead load on the piston rod (Ki pormits
ne'ss. The lenirth )f the s-ampl e tho-refo- stress application on the sample.

r, neae- and th,. mean thermal gin- Uplier (D) and lower (H) heat .xc :,.nr&-55
iien Warr"~ ming )f the cold are located in the piston and the base
-e ,! h cfoe 1rn~fe takes place Plate (1) on which the isolated walls

i,,~" rrat, ' eu ve, -onsequently di- cCf toe cell rest.Thhetecagr
m ir i 7 1 phoninon continues un- are each fed (L,N,O,Q) with ethylene

f 1-1 non..v a described glycol anti freeze mixtures at control-
.tK .), ii riut.d involving led temperatures from two circulating

riLtet )I hlv . Tb i c -t; (i! has baths. The joint tightness between the
he rvj ~.v i- ithors in a se- appein (B) and lower (F) walls of the

ci~ ~ -r :f1e1s srio hereafter. cell and the upper (A) and lower (for-
med by I and H) confining plates is

iwwIknown f.A' th,_ ml-
iof vtaeisoils i.- in-LN

1,;,I11 it 6" e 4t.r ,on!.ent during
Ytp 'apotane o of the

on I, .he tsmal 'er theseR
wo fa r -, 1:t ln.ore flocculated

I--- ml c root ructuro. As

,tiC fC 'r N, -1: r.i he ,ompaction
il1,. t cet t owards a -i -t tr ,r takes pIac, R- C

:,on wit" -n~ 'n-ease in the dec cc of
!''1, ; d~iri ng_ compac- J

T cm-rc -I-~ ct ire of the soil
ical permeability.

r-ri lea- are oriented, theT -:

Sec~r ,nioot ropy o)f permeability is

yph , )I' , )mviction energy '.02

'-in on so'I il microst ructure.
onvi lion hais more influence

onth pr n rio-ntation than staticRR
o-pcin. The us of the punching

effect If a f-a~l surface loading for H

t'ne ipurpo~zo of imp-ictison helps the PQ
creation ,f A dispersf-d mi-rostructire, 0
by the shearing, effect it creates. This
structural anisotropy of the soil may have Figure 2. Testing cell as modified
an influence on measured frost heave, by the authors.
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insured by plastic rings (R) and by the Simultaneously, the heave of the sample
screw tightening of five rods (J). Wa- is measured by means of a micrometer (V)
ter diffusion discs are located on the and the temperature distribution in the
top (E) and bottom (S) of the sample. A sample by means of thermistors.
water intake at the bottom of the sample
(P) permits its saturation. During the
test the sample freezes from bottom to PHYSICAL PROPERTIES OF SAMPLES AND TEST
top, so that the unfrozen zone can be CONDITIONS
displaced by heave with a small resis-
tance from the chamber wall, covered The soil tested is a glacial till
with a teflon membrane. Thermistors (T) composed by weight of nearly 64% of
are set into the lower (F) wall to moni- sand, 26% of silt and 3% of clay. The
tor the temperature. remainder (gravel) was discarded by re-

The preparation of the test invol- taining for testing the fraction passing
yes static compaction by means of a pla- #4 U.S. standard sieve. The final pro-
te shaped as a sector of a ring and fi- portions by weight of grain size compo-
xed on the rod of a pneumatic press. nents are approximately 70% sand, 27%
Compacted in layers one inch thick, the silt and 3% clay. The plastic an1 li-
soil is then saturated by applying par- quid limits of the passing #200 sieve
tial vacuum at the top of the sample by are 9% and 15% respectively.
a tube (M), and water pressure at the The standard Proctor compaction
bottom by a water intake pipe (P). When test yields an optimum water content of
water flow stabilizes, a permeability 7.6% for a dry mass density ,of 2080
test is run on the sample. During the- kg/m'.
se operations, the piston is blocked in The physical state in w -'c to
place. The cell is then placed in a samples were subjected to the tots qnd.
cold ro,-n at +10"' ind left until iso- the therm] oonjitions during th- six
thermal conditions qre attained in the esta done are presented in Table I.
sample. During this curing of the sam- The water -ontent )w%), dry mass densi-
ple, the f-eding -ontainer and the 'ell ty '.d), degree of saturation (Sr) are
are pre'sur "d -:: c :• :- ., -'. -er-ln duringT comPa!'tion (suffix I ) and
The" d jad :1i applied so that the aifter th, saturation suffix 2),and
sampi,. is tit,'ji d to a vertical effe -erme-ability measurement (k) are given.
tiv,, strasz f k P-.. The warm (7') and -'ld T2) end tempe-

The ,s by oonnecting the rat ures of tho sample, the mean thermal
clrujat c" late to the heat, exchangers gradient of the sample (VT), the unfro-
in order th-i' '.t-nt 'old and warm zen zone thickness (ZI), the ratio of
side te.mor'" ,' '' I.. applied at the frozen zone thickness to the sample
the :,,-'m 9:4 of th, sample. As thickness (Z2 /i), are also given in Table
the fr,,ezinr, vN h' rresses, wat in- 1. The initial total thickness (7.) of all
t-tk,, mn "i'.i ,y woeihing tho -e'- the samples was 10 cm.

meains f a iw 'r 'a ' ,'a in the -etl.

Table 1. Physical conditions of +he sarples an! thermal conditions of tests.

7. X 5-1) .-51

7 "" .505 1O 10

R]L l4 .5 .96
,. r - ,* 'I -" .tt '', : 8'k7 t. xlhl ].: l lO .55. .56

* % V'. ,,5 a. xlO- ). * ;.; - '.0 1.6 .5P

-. ? ,a ., ."'s h21 1.110 . .
•  

. 5,71 ' ,. -- . .6 .55
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TEST RESULTS t + tflJ ~ln (3)
The heave measured by a micrometer n 2

(Hm) follows closely that evaluated by A typical test result is presented
the following expression: in Figure 3, where the position of the

0HC isotherm, Hm, He and §n are plotted
He = x C (W) as functions of time. It can be seen

that an expulsion of water takes place
where (Q) is the quantity of intake at the beginning of the test due to

water distributed over the cross section the rapid penetration of the frost
area of the sample (A) and corrected for front. Then, as the frost front pene-
the water to ice phase change dilatation tration slows down, water flows into
of 9% (C = 1.09). This distribution the sample to feed the ice lens until
over the total cross area is justified a maximum rate of heave is reached.
by the fact that, in all cases, only one After this point, the rate of heave di-
discrete pure ice len3 with planar faces minishes until heave is nearly stopped
was observed over the total cross sec- as the final thermal regime tends to
tion of the sample. The rate of heave approach true steady state. For each
(O) is then computed by: test, the maximum rate of heave (Rmax)

is noted down and serves to compute the
(He) n 1 -(He) maximum drop of hydraulic potential

H n n (2) (Afmax) at the warm end of the frozen
n+l n fringe by using the relationship:

where (He)n+1 and (He)n are the cu- P La
mulative heaves at times tn+1 and Atmnx k

respectively. This mean value of n ap- a
plies during a period of tn+1 - tn and where Hmax iz 'he maximum rate of
will oe representative of the real value heave, Z, is the thickness of the un-
-, 'ime tn where: frozen zone and k is the previously

test number 2

0.8 I
. 0.6

0.4
0.2

0.0

4 
H

E 3 

-

E- 2 He

1

.C 0.4

0.1

o.2 0 ----

0 10 20 30 40 so 60 TO
t

time,h

Figure 3. Typical results of frost heave test.
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mt-a.:ired purmealiity of the unfrozen ruirameter of the soil grains capability
sample. Rle:-ult'" of these computations to generate segregational heaving inde-
ire urettt in Table . pendently of the matrix microstructure

The maximum rate of heave (Ilmax), or type of compaction.
at rol-itively constant Jegree of satu- OA
ration Juring compaction (Sri), was 43S
found to incre:a.; with the mean thermal 2

gradient in the sample (VT) as shown in 2--rigur. 4.

On the other hoid, Figure 5 shows E
that, at. relativ,1y 'nstant VT, Hmax E 0.3
diminishes when Sri mnre o:e s. This be- S
havior can he explained by the depen- E 16
dency of the Lydrauli- conductivity (k O
on the decree of :.-turation during com-
pact ion. it --in be seen from Table I
that k dc. r e s when Sr i incre -iuro, . The . I
-oil m-or.utr e, *fferinr more re- 0'o 1 2
SIStan(-, to fl-id flo.w as Sr invros, vT, °C/cm
tonit., c ow down th,. rate of heave of

a n, Figure 4. Hmax as a function of VT.

The maximum drop of hydraulic poten-
tial (Amax) is found to increase with
the degree of saturation during compac- 0.6 ,-
tion (Srl). But, as can be seen in Fig.
6, this increase follows different rates
depending on the thermal gradient VT. 2
For an increase of t rl from 53, to 83', E
the increase of hrmax is 81 cm of water E
when VT z 2

0
C/cm (tosts 2 and 3), but o3

when VT 1 lC?cT., t.his increase is nearly E
four times smaller, as can be seen by the Ox

results of tests 1, 4, 5 and 6 (Fig. 6).
This strong dependence on VT is shown
more clearly when max is pLctted against
VT for the same tests, as in Fig. 7, where °'° o.2 04 o.e in

the effect of Sri nearly disappears. 0r i
This relative independence of Almax on
the soil saturation suggests that ADmax Figure 5. Hmax as a function of Sr1 .
can be chosen as an acceptable descriptive

1000 1 000

Table 2. Maximur -

rate of heave and
drop of hydraulic 1,o i100 02

potential.

E E
0 3 1 10 30 0 0 0

7 6 0 o6 E

00 0.5 .0 00 05 1.0 is 2t0 2.5

Sr i VT. C/cm
' ~~o • i,.]•vTt-l"€/cm

Figure 6. A~max as a function Figure 7. A~max as a function

of Sr i. of VT.
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CHRONOLOGICAL EVOLUTION OF FROST HEAVE

DURING THE TESTS (dt/dH)o

The transient heat flow taking

place at the beginning of the test sug- Z (a)
gests that the evolution 

of heave may

follow a power law similar to that used

by Caniard (1977). He has found a linear

correlation between cumulative heave and

the square root of the frost index in a

test in which thermal conditions were simi-

lar to the ones prevailing at the begin-

ning of our testing procedure. Frost heave _---- -__

results were therefore plotted as function 
H

of the square root of time since 
constant 

b(d)dH ..1

temperatures at the ends of the sample 
.,)H(b)

were used. Figiure 8 shows a good linear 
ass5

correlation between cumulative heave and 1

square root of time in the first 10 to 15

hours of the tests. As the thermal regime

tends to become stationary, heave dimin- 
t

ishes and this linear correlation is no

longer valid. Figure 9. Hyperbolic model.

0The use of this model for represent-

0 ing the test results is shown in Figure 10.X5 The fit of experimental data to the the-

4 x, x t oretical transformed hyperbola is quite

T T4 acceptable after a time period following

I ythe one covered by the straight line Por-
V tion of the previous model. The computed

2 * 06 asymptotical values of the heave (Hass)

after a very long period of time are pre-

sented in Table 3. One finds they are
slightly superior to the measured values

of cumulative heave (Hmax) at the end of

o 1 2 3 4 5 % 7 a the tests.

Figure 8. H as a function of rt. 4

Since heave seems to tend towards

an asymptotic value when true statio- 3

nary state is reached, an hyperbolic 
I.0

model similar to Kondner's hyperbolic -

stress-strain relationship (see Wong and .

Duncan 1974) was adapted by the authors 
2s

in order to estimate the value of cumu-
lative heave after an infinite time. The

model is presented in Figure 9 in its

two forms. Figure 9-a represents the oC 
A-0

hyperbolic curve in its real form as a 
t,h

function of heave (H) and time (t). Fi-

gure 9-b represents the same curve as a Figure 10. t/H as a function of t.

linear relation in a transformed system

defined by t/H and t.

Table 3. Asymptotic and maximum value of measured cumulative heaves.

Test 1 2 3 4 5 6

Hmax, mm 1.91 4.o6 ,.67 3.6? 4.56 2.43

Hass, mm I.95 4.50 %.9 4.00 5.60 50
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CONCLUSION JUMIKIS, A.R.(1966) Thermal Soil Mecha-
nics, Rutgers University Press, New

The proposed interpretation of the Jersey.
heave test, which considers the evolu- KONRAD,J.M. and MORGENSTERN,N.R.(1980)
tion of the thermal field, enables the "A Mechanistic Theory of Ice Lens For-
computation of the maximum drop of hy- mation in Fine-Grained Soils". Can.
draulic potential, a parameter derived Geotech.J., Vol.17, pp. 473-486.
from the maximum rate of heave and hy- KONRAD,J.M. and MORGENSTERN,N.R.(1981)
draulic conductivity of the sample. The "The Segregation Potential of a Free-
fact that this parameter is nearly in- zing Soil" Can. Geotech. J., Vol.18,
dependent of the soil microstructure pp. 482-491.
but is very sensitive to the thermal LOCH, J. P.OG. and MILLER, R. D. (1975)
gradient makes it a good indicator of "Tests of the Concept of Secondary

the potential of the grains to generate Frost Heaving". Soil Sci. Soc. of
cryogenic succion whatever their orien- America, Proc., No.39, pp. 1036-i041.
tation might be. WOCH,J.P.G.(1978) "Thermodynamic Equili-

In addition, it was shown that the brium Between Ice and Water in Porous
time dependence of heave linearizes in a Media". Soil Science, Vol. 126, pp.
heave vs square root of time plot, when 77-80.
the frozen fringe is still in evolution LOCH,J.P.G. and KAY,D.(1978) "Water Re-
and near its optimum thickness. After- distribution in Partially Frozen, Sa-
wards, as thermal conditions tend to- turated Silt Under Temperature Gra-
wards a stationary state, the hyperbolic dients and Overburden Loads". Soil
model enables a reasonable extrapolation Sci. Soc. of America J., Vol. 42, pp.
of the test results for long time inter- 4oo-406.
vals to be made, which has an importance MILLER, R.D.(1980) "Computation of Rate
in connection with the heave prediction of Heave Versus Load Under Quasi-Stea-
of buried chilled gas pipelines. dy State". Cold Regions Sci. and Tech.,

Since this study covered only one Vol. 3, pp. 243-251.
type of soil, it would be of interest PENNER,E. and UEDA,T.(1977) "The Depen-
to extend it to a variety of other frost dence of Frost Heaving on Load Appli-
susceptible soils. cation". Proc. Int. Symp. on Frost

Action in Soils, Lulea, Sweden, pp.
92-101.
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HEAVING PRESSURES AND FROST SUSCEPTIBILITY

E.Y. McCabe, Research Stu~dent, Dept. of Civil Eng.,
University of Aston, United Kingdom.
R.J. Kettle, Senior Lecturer, Dept. of Civil Eng.,
University of Aston, United Kingdom.

When frost susceptible soils freeze and the heave is restricted, heaving
pressures are generated which will threaten pipelines or structural units embedded
in the soil. Thus, it is important to accurately eva'unte the maximum heaving
pressures for individual soils.
Heaving pressures measured under laboratory conditions are presented. Cylindrical
specimens, of either 120mm or 145mm diameter, were subjected to fr.-ezing from the
top surface in an open system. Heave was restricted by a stiff reaction frame and
the heaving pressures were monitored continuously. During freezing the specimen was
supported in a multi-ringcell which eliminated friction between the sample and the
mould and prevented adfreeze at this interface. The heaving pressures were signifi-
cantly greater than those recorded in earlier studies without the multi-ring
supports.
The initial tests were performed on a highly frost susceptible mixture of sand and
ground chalk and included a study of the influence of specimen size and thermal
parameters on heaving pressure. The frost susceptibility of this matrix was
modified by additions of between 10 and 50 percent of selected coarse particles,
sub-divided into two groups of 3.35-20mm and 20-37.51mm.
It is clear that the heaving pressures increase with freezing time but at an ever
decreasing rate. The introduction of coarse particles to the frost susceptible
matrix clearly reduced both the maximum heaving pressure and the required freezing
period. Linear relationships were obtained between heaving pressure and aggregate
content, the individual relationships being dependent on aggregate type. Heaving
pressures were also linearly related to frost heave but, again, the type of coarse
aggregate was important.
It has been clearly demonstrated that freezing behaviour of granular mixtures depends
rot only on the fine fraction but also on the amount and type of coarse particles in
the mixture.

INTRODUCTION
In the United Kingdom the frost suscepti- period has been shortened, the longer
bility of materials used in highway conditioning period will still preduce a
construction is assessed by subjecting total test period of approximately two
laboratory-prepared samples to the weeks between sample receipt and final
Transport and Road Research Laboratory assessment of frost susceptibility.
(TRRL) frost heave test (1) (2). One of Thus, there is considerable merit in
the major disadvantages of the test is producing alternative test methods that
time element involved, a 24 hour can produce more rapid assessments of
conditioning period being required prior frost susceptibility.
to the 250 hour freezing test. Recent It has been suggested (4) (5) (6) that
revisions (3) have been proposed to the one such alternative approach may be the
test procedure and, although the freezing measurement of the heaving pressures
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produced when a freezing soil is re- togegher with those for mixtures con-
strained. Initial investigations of taining 10,30 and 50 percent of the
heaving pressure, at least on a care- 3.35-20mm aggregate(12)
fully controlled basis, were undertaken 1i
by the U.S. Army Corps of Engineers at
CRREL (7). In an earlier investigation I I II I I I I l
(8) measurements were made of the I I I I 1 I 1
heaving pressures using similar equip-
ment to that developed at CRREL (9). 1 , 1161 K T I
These proved to be very useful for
predicting the onset of heaving in
cement stabilised materials (1O). In
that work it was also possible to
develop limited relationships between U I I [a A
frost heave and heaving pressure. How-
ever, at the time, it had not been - -

realised how important the cold plate " "
temperature was in controlling the 2 6 20 6o(Iau 200 600 2 6(,m) 20

heaving pressures (11). FIGURE 1. PARTICLE SIZE DISTRIBUTION
In the current investigation (12) of
frost action in granular soils, a APPARATUS AND TEST PROCEDURE
renewed interest has been stimulated in The apparatus was based on that
the accurate measurment of heaving used in earlier studies (7) (8) but was
pressure. This has stemmed from three, modified (12) (13) to reduce frictional
related considerations:- restraint and adfreeze between the
(a) Influence of such pressures on specimen and the mould. The general
structural designs involving low arrangement is shown in Figure 2.
temperatures, e.g. storage facilities
for LNG, cold stores, ice rinks, etc. Reaction Frame
(b) Examination of the use of heaving
pressures as an alternative/adjunct to
frost heave for assessing frost
susceptibility. I
(c) An additional parameter to be
considered in assessing frost activity
in soils.
In addition, this investigation would 2
provide an opportunity to examine the ===3
influence of thermal factors in the
development of heaving pressures. This
paper, therefore, details a test method 4
for measuring heaving pressure and.". 5
presents the results obtained with the
equipment. 6

MATERIALS
The basic matrix consisted of a 7

highly frost susceptible mixture of
sand and ground chalk(mixing ratio 4:1).
Three types of coarse particles were
selected - Blast furnace Slag, Rowley . 4.6. .
Basalt and Caldon Low Limestone. These 8

coarse particles were subdivided into
two groups : 3.35-20 mm and 20-37.5 un.
Each aggregate was presieved and
blended so that each group had the same 1) Load Cell 2) Aluminium frame
particle size distribution. The -3) TED/Cryostat 4) Steel Mould
influence of the coarse aggregate on 5) Rubber membrane 6) Perspex Rings
freezing behaviour was studied by the 7) Sample 8) Porous Stone
introduction into the matrix of up to 9) Steel Base Plate
50% of the selected coarse particles. -
Figure 1 shows the particle size dis-
tribution for the matrix itself FIG. 2. FINAL FORM OF EQUIPMENT
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Tho specimen was supported by a multi- eliminated. At the end of the test the
system consisting of four 25 mm rings specimen could be removed by inverting
and one 15 mm ring to give a specimen of the mould, allowing it to slide out
height of 115 mm. The rings were made under its own weight. The recorded
from perspex tubing and two sets were heaving pressures were 200% greater than
produced - 120 mm and 14S mm internal the pressures measured using the initial
diameter. Each set of rings could be equipment (12).
accommodated in a suitable steel mould Later in the programme the TED was
to achieve 1 mm clearance between the replaced by a cryostat. A closed unit
rings and the mould. Specimen prepara- was placed on top of the aluminium
tion followed the same basic procedure supporting plate, instead of the TED,
for both specimen sizes, and chilled liquid was circulated
The rings were secured together with through this unit to freeze the specimen.
adhesive tape to prevent displacement This system proved to be more reliable
during compaction and were inserted into and allowed several tests to be run
the mould which was already bolted to simultaneously under the same tempera-
the steel plate. A ring clamp was fixed ture conditions. Providing that the
to the upper edge of the mould to temperature on the top of the specimen
prevent rdlative movement of the rings was the same, it was found that the
during compaction. The specimen was recorded heaving pressures with the TED
compacted following the Proctor test or the cryostat were not significantly
(14) procedure with a 2.5 kg hammer, different.
However, due to the differences in It has been demonstrated (15)that
diameter, it was necessary to use more the greatest heaving pressures are
blows per layer to achieve the required generated under the stiffest constraints,
level of compaction. The specimens were such as load cells. The load cell does
produced to the maximum dry density and not permit surface heave (15) and so
optimum moisture content as determined records not only heaving pressures due
in the B.S. standard (14) compaction to ice lensing, but also those due
test (Proctor). to the freezing and expansion of the
After compaction the steel test-plate in-situ, pore water as the zero isotherm
was unbolted, the mould lifted clear and penetrates through the soil. In the
the adhesive tape removed from the rings. TRRL frost heave test (1) (2) (12), the
The specimen was trimmed with a straight total heave includes both the volumetric
edge and positioned on top of the expansion of the pore water as well as
recessed base-plate which contained a the heave due to the formation of ice
porous stone. The rings were greased lenses. It was, tlerefore, decided
and a rubber membrane was slid over to measure the heaving pressures under
them. A further coat of silicon grease conditions of severe restraint with a
wes applied to the membrane to eliminate load cell.
any possible friction between rubber DEFINITION OF MAXIMUM HEAVING PRESSURE
membrane and the wall of the mould.Frmtecpliythoyffos

The tee moud ws relacd ovr rngs heaving it can be shown that heaving
and was bolted to the base plate. An prsueiinrelrladtooe
aluminium supporting frame, with pssre is 1) nsl relhatedeon or
thermoelectric device (TED) and load size(16) (17) and) ithas ben xiu

andltheawholecassemblyptransferredcinto pressure will particularly depend on
and he holeassmblytrasfered nto the smaller pores. However, in freez-

a cold cabinet where it was located ing tests it will be essential to
inside a reaction frame. A water supply consider both this primary heaving and
was connected to the base plate and the secondary heaving (19) (20) with ice
specimen was left to condition for 24 lne rwn eidtefezn
hours at a temperature of + 4.0 0C. At frnt.s Thoig pro de thevn pressures

the end of the conditioning period the cronsiderablypreatce thang hos ue

load cell was rigidly secured against presdcedably gther tphary theor

the reaction frame. The load cell, (19)cte Iyth halas bee eory (

TED, water cooler anid trace recorder (19) tha ths presurepared depeden

were switched on and test continued (,)ta hs rsue r eedn

until maximum heaving pressure achieved, on both the temperature of the cold

It is believed (13) that, by plate and the soil type. The measure-

introducing the multi-ring ring system nient of such pressures can involve
combned itha ruber embanethefreezing periods in excess of 100 days

effects of adfreeze and friction were snetetria au sapoce
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at an ever decreasing rate (11). There- susceptible matrix. Thermocouples were
fore, in order to limit the present test inserted through the centre of each ring
programme, it was decided to adopt an so that the temperature gradient through
arbitrary definition for the maximum the specimen could be determined. The
heaving pressure. porous stone in the base plate was re-

in earlier work (8) the maximum placed by a perforated brass plate with
heaving pressure was arbitarily defined filter paper placed on the upper face.
as that pressure recorded when the ;tite By connecting the two pipes in the base
of increase was less than O.OO1MN/m'/hr plate to a thermostatically controlled,
(1KN/in /hr). This criterion has the circulating bath, it was possible to
advantage of limiting the testing time control the water temperature to close
especially when the soil is being limits. In this tegt, the water bath
tested for classification purposes, was operating at +4 C.
although it is not an absolute parameter. 0After 24 hours conditioning at

To justify this assumption, a test +4.0 C, the specimens were frozen from
was undertaken on the fine grained the top with the top temperature sub-
matrix of sand and snowcal for a period jected to stq changes when the heaving
of 500 hours. Between 100 and 150 hours pressure reached its arbitarily defined
the rate of increase n heaving pressure maximum at a given temperature. The
was less than 0.3KM/n /hr. After 200 temperature of the cold plate was
hours freezing, the rate increase reduced by a specified amount and again
further diminished and between 250 and held steady until a new maximum pressure
500 hours no increase was recorded. As was obtained. Theintateprue
the experimental programme was concerned of the cold plate was -2.0 C. The
with granular materials and as the time relationship between heaving pressure
to reach limiting heaving pressures was and the temperature of the celd plate is
relatively short (15O hours or less) it shown in Figure 3 and the corresponding
was decided to measure heaving pressure temperature gradients are given in
until l~e increase is less than Figure 4.
0.lKN/m /hr. The heaving pressure As the temperature of the cold
corresponding to this value is reported plate is reduced, the heaving pressure
as the maximum heaving pressure. increases linearly between - 2.0 0C and

-450C- above - 1.5 0C initial nuclea-
INFLUENCE OF THERMAL PARAMETERS tion was not achieved. At temperatures
One of the -objects of the study (12) below - 4.S C, the relationship deviates
was the formulation of a standard from the initial line and the pressure
procedure for measuring heaving increases at a diminishing rate.
pressure. It was, therefore, essential Similar behaviour has been reported by
to study the effects of the boundary Takashi (11). It was not possible to
conditions on heaving pressure. To continue the tests at temperatures below

0assess the viability of using heaving -9.0 C as the cryostat could not
pressure for predicting frost constantly maintain such low temperaturm .
susceptbility, the measured pressures As the top temperature decreases, the
can be compared with heave data from zero isotherm penetrates through the
the TRRL frost heave test, this being specimen as can be seen from the dis-
the standard test in the U.K. tributions in Figure 4. Although the

The initial boundary conditions in circulating water was maintained at
the heaving pressure test were designed +4.0 0C, the penetrating zero isotherm
to produce a temperature gradient also decreased the temperature at the
through the specimen similar to that bottom of the specimen so producing a
reported (1) (12) for frost heave temperature gradient through the brass
specimens. Thus, the temperature at plate.
the top of specimen was - 4.5 0C, whilst It has been suggested (22) (23)
the water bath at +4.00C produced +3.50C that the rate of frost heaving is
at the base of the specimen. Prior to dependent on the amount of heat removed
the detailed programme, it was from the freezing fron~t and so another
necessary to assess the effects of test series was undertaken to examine
changes in the boundary temperatures this behaviour.
on the pressure. b) Temperature Gradient
a) Temperature of Cold Plate It was decided to maintain the
This study was performed on specimens freezing front (zero isotherm) at a
prepared from the highly frost constant location but to vary the
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temperature gradient in the frozen zone. It should be noted that although the
Thus, as the temperature of the cold bottom temperature remained sensibly
plate was reduced it was necessary to constant at 3.5 to 4.00 C, this was only
increase the temperature of the circula- achieved by progressively raising the
ting water to maintain a stationary zero temperature of the circulating water from
isotherm. This location was that + 4.0 C to + 7.0 C as the cold plate
achieved in the normal test conditionso- tempegature was reduced from - 5.0 to
top temperature, - 4.5°C, bottom + 3.5 C. - 9.0 C.
The relationship between heaving pressure A comparison of Figure 3 with Figure
and cold plate temperature is shown in S indicates good agreement between theFigure S and the corresponding results of the two tests in the range 0
temperature gradients are given in to - 4.50 C. At lower temperatures the
Figure 6. heaving pressure continues to increase,
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albeit at a decreasing rate, in both EXPERIMENTAL RESULTS
tests. However, at these lower Mitures containing 3.35-20 mm particles
temperatures, the heaving pressure were, therefore, tested in 120 mm
increases more rapidly with the specimens whilst those with 20-37.5 mm
stationary freezing front than with the particles were tested in 145 mm specimens.
penetrating freezing front. Both groups were tested under the same

In both tests the freezing rates, conditions. Before commencing this
or cold plate temperatures, were the study it was decided to check the
same but larger temperature gradients repeatability of the test. Five tests
were obtained with the stationary freez- were carried out on nominally similar
ing front. This is attributed to the specimens of the matrix material and
higher temperatures at the bottom of analysis of these results gave a coeffi-
the specimen which indicate an increase cient of variations of less than 3%. It
in the rate of heat extraction. It, was, therefore, decided that tests on
therefore, appears that an increase in two nominally similar specimens would
the rate of heat removed from the freez- give an acceptable measure of heaving
ing front produces an increase in the pressure for the test programme. It
heaving pressure. For both experiments should also be noted that this variation
the deviation of the heaving pressure is significantly lower thani that
relationship from the initial lineag reported (3) (8)for frost heave tests
relation was at approximately - 4.5C for and, so, encourages consideration of the
the test material. With such a cold test as an alternative method for assess-
plate temperatue, the temperature ing frost susceptibility. The duration
gradient and location of the freezing of each test depended on the time the
front are similar to those of the frost specimen took to reach the observed
heave specimen (1). Absolute maximum value and typical plots of
compatability is not possible due to heaving pressure against time are shown
differences in the height of the two in Figu're 7. The results of the heaving
specimens e.g. 115 mm and 150 mm. To pressure tests are summarised in Table 1,
minimise differences in procedure between together with the appropriate heave
the heaving pressure and the frost heave values.
tests, it was decided to test the heaving
pressure specimens under 0these conditions DISCUSSION
i.e. cold-plate at - 4.5 C and circulat- a)Agetecnn. Thrltisip
ing water bath at + 4.0 0C. This, it was betweenreavicong .presue and teoperien
hoped, would permit subsequent btenhaigpesr n h ecn

comparisons between the results of the tage of aggregate are shown in Figures 8

two tests. and 9 for the two aggregate groups,
3.35S 20 mm and 20 - 37.5 mm. As

SPECMEN IZEaggregate content increases, the heav-
ToCIE stuy ZtE efc flreprils ing pressure is reduced. In general,

To sudythe ffet oflare patices, the relationships between heaving
20-37.5 mm, on heaving pressure it was pesr n grgt otn r
proposed that a larger specimen ii 145mm prnesrefo ad aggegatericontetere
diameter should be used, this being lineerfr the mnivdaeasteosed.
similar to that used in modified frost Hoever, tepndividunagreatonshps,
heave tests (3) (24). It has been ares veyg depndent onh t aggregatee
reported (3) (24) that the specimen size tise beoings ppa e withpothagregate
can influence the heave recorded in the sizegroupings.ye iec mport aced of
frost heave test. It was, therefore, grgt yebcmsmr akda

decied o udertke seies f tsts the content increases.
toexie whunete suchidifferenest For given freezi '7 conditions, the
coul e obeedine whte uhavingfressure extent of frost action in granular
tests, bsredi hain resr mixtures is related to pore size (16)

isthshrottitwspsil with heaving pressure being inversely
(12)t te twosspeciens simultaeul related to pore size, providing that(12)to esttwospeimen siultneosly water is freely available at the freez-

so that direct comparison could be made ing front. The pore structure is
between the results obtained with influenced by grain size and, since
different sized specimens under the same casrmtraswl oti
boundary conditions. It was clear that coaseer rials f wefils contai olm
the size of the specimen did not have any (alonheal fwrfis per unit crs-eto nagvue
significant effect on the neasured heave (lals)of ertuni l cros-ecty win axiven
values and this has been discussed in pldune foft atithy wLlrg exhiits
detail elsewhere (12).reue frs acity Lrgprils
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FIGURE 7. HEAVING PRESSURE AGAINST FREEZING TIME.
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FIGURE 8. HEAVING PRESSURE AGAINST FIGURE 9. HEAVING PRESSURE AGAINST
AGGREGATE CONTENT (3.35.20mm) PARTICLES AGGREGATE CONTENT (20-37.5mm) PARTICLES.

will also lie across the freezing plane low absorption values (12) and so ice
with a portion of the particle above and lensing within the particles is unlikely
a portion below and so will offer to have been a significant factor in
frictional and displacement resistance these tests. However, the differences
to the heave forces located in the plane in effect between the three aggregates
of freezing(25). may be due to differences in their

With porous coarse particles, ice internal pore structure (12). Similarly

lensing could occur within the particles the three aggregates would have differ-
and this would contribute to the develop- ing effects on the thermal properties of
ment of heaving pressure. The exact the material, particularly in the region

effect would depend on the relationship immediately adjacent to each particle,
between pore structure within the and so this would also account for
particle and that of the surrounding different trends reported for the three
matrix. Such behaviour has been reported aggregates.
with some porous aggregates (8). The b) Particle size. From the results in
three aggregates used in this study had
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Table I it appears that bath aggregate 300J Heaving Pressure 0

groups, 3.35 - 20 mm and 20 - 37.5 mmNi) 0
have similar effects on heaving pressure.
As the aggregate content increases it 250.
appears that the 3.35 - 20 mm particles 5so 10%
may be more effective in reducing heaving
pressure than the 20 - 37.5 mm particles. 200..S 

0
This is most apparent with the Slag and + +Slag
the Limestone mixtures although the

iniiuldifferences are not signifi- a Basalt

cant. IS. Limestone
At a given aggregate content, both

groups would occupy the same volume in 50%
the specimen but the 3.35 - 20 mm 100 I
fraction will possess a larger, particle 5 10 15 20 25
surface area. Thus, compared with the Heave (mm)
20 - 37.5 mm particles, these particles
would occupy a greater proportion of any FIGURE 10. HEAVING PRESSURE AGAINST
freezing plane, and so would be expected HEAVE (3.35-20mm) PARTICLES.
to be more effective in reducing forces
associated with frost action, in this
case, the heaving pressure. In addition, information is liekly to be of particular
the increased surface area of the 3.35 - use where a structure will provide a re-
20 mm particles would increase the straint to ice formation. Such an
frictional and displacement resistance approach will require a future correla-
to the heaving forces at the freezing tion between laboratory data and field
front, observations. However, it is possible

c) Frost Heave. The frost heave values to define limiting pressures for frost
for ll he ateralswer obtine by susceptibility based on a comparison

subjecting them to the standard TRRL wth preetin ok heav rutsrin. Fr
frost heave test (2) (12) and the results 10e indicaeht maktherals ih igr
are included in Table 1. The relation- 1 niaeta aeil hc

ships between heaving pressure and frost develope4 heaving pressures of less than

heave for the 3.35 - 20 mm particles are 150 KN/m were non-frost susceptible
shown in Figure 10. A similar trend has when subjected to the frost heave test.
also been recorded (12) with the 20 - CONCLUSIONS
37.5 mm particles. From the experimental data discussed in

For all the materials tested, the peiu etos ti osbet
frostn hev.re er bot fie rost hlavet present the following major conclusions:-

fros heve.Howeerbot frot have (1) The multi-ring freezing cell and
and heaving pressure would appear to lubricated rubber membrane forms a
depend on aggregate type and separate reliable system for measuring heaving
relationships are obtained for each pesrso otn ai n
aggregate. At any given aggregate proessuresut na iotn ascefis n nd
content, it should be- noted that both parduced rfess wtha coffcinto
the amount and nature of the fine vaiaio ofe lemessathan 3fte% odlt
fraction of any particular mixture are (2) Th temperiatr onfluthe cold pthe
the same. Thus, the observed differences hain a rsignifican t hnfluence sonrth
in freezing behaviour can be attributed heaing pnvrelureatwitho eprure
to the type ofcas grgttee This relationship is influenced by the
differences becoming more apparent as location of the feezing front in the
the aggregate content increases. It specimen and so it is vital to define
would, therefcre,appear that frost and control the boundary conditions when
susceptbility criteria based solely on measuring heaving pressure.
the amount of fine material are inappro- (3) In mixed materials the magnitude of
priate for such mixed material where both the heaving pressure is inversely
the amount and type of coarse aggregate related to coarse aggregate content.
are signigicant factors. Smlrbhvorwsosre ihbt

It seems that the measurement of Simila behm ai lws obsrd wit both5
heaving pressure could be an additional 3.5ar2tmiaricesanl0es3.5m

aid or ssesingthefrot sucepibiity (4) The freezing behaviour of such mixed
of soils and granular mixtures. Such materials is also significantly
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influenced by the type of coarse aggre- Freezing. NTM Trondheim 24-26 June pp

gate. 713-724. 1980.
(5) Frost susceptibility criteria based (12) McCABE, E.Y. Freezing behaviour of

only on the fine fraction would appear granular materials. Ph.D thesis (to be

to be inappropriate for these mixed submitted) University of Aston in

materials. Birmingham 1982.
(6) For the materials tested, heaving (13) KETTLE, R.J. and McCABE, E.Y.
pressure and frost heave appear to be Heaving pressures as a means of assess-
linearly related and so the development ing frost susceptibility. Proc. of
of frost susceptibility criteria based International Seminar on Frost Heave
on heaving pressures should be considered. Testing, held at University of
(F) From the available data, it would Nottingham, 9 April pp. 5-1981.

appear that materials which develop 2 (14) BRITISH STANDARDS INSTITUTION.
heaving pressures of less than 15O/KN/m Methods of testing soils for civil
are not frost susceptible when subjected engineering purposes. BS1377:1975.
to the frost heave test. (15) OSLER, J.C. Some considerations of

heave and heaving pressures in frozen
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Research Record 304 pp 1-13 1970.

TABLE 1. HEAVING PRESSURE AND HEAVE RESULTS

TYPE OF AGGREGATE HEAVING PRESSURE (KN/m ) FROST HEAVE (mm)

AGGREGATE CONTENT (%) 3.3S - 20 mm 20 - 37.5 mm 3.35 - 20 mm 20 - 37.5 mm
PARTICLES PARTICLES PARTICLES PARTICLES

;nij...0 24.36 26.67
u

10 242 246 18.9 22.5

. 20 220 224 17.0 20.2
U...4

30 192 198 16.0 18.1

40 160 172 11.2 12.8

50 127 140 9.0 10.7

10 280 282 19.5 23.4

20 258 264 17.3 20.7

30 250 255 16.4 18.6

40 238 240 14.4 15.5

50 225 230 11.6 12.6

10 254 265 18.4 23.2

LQ 20 246 250 16.4 21.2

X-Eu 30 230 236 15.2 19.8

- 40 218 228 14.3 18.0

50 200 215 13.6 15.8
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GROUND MOVEMENTS ASSOCIATED
WITH ARTIFICIAL FREEZING

R.H. JONES University of Nottingham, U.K.

ABSTRACT contractor about the magnitude of frost
heave and subsequent settlement to be

The possibility of ground movements expected. These aspects are particu-
(frost heave or settlement after thawing) larly important when tunnelling at
is of concern to clients who are shallow depth under built-up areas or
considering using artificial ground when the permanent headgear is to be
freezing (ArF) as the temporary support installed to facilitate mine shaft
for tunnels and shafts in close sinking.
proximity to other structures. Movement results from a complex

Two groups of AGF case histories, interaction of many factor. so that the
are considered, namely contractor's estimate tends to be made
(a) Major shafts sunk in Britain between on the basis of previous experience and

1947 and 1976, engineering judgement perhaps backed by
(b) Tunnels reported at ISGF 78 and 80. relatively simple semi-empirical calcu-

Published and unpublished data has lations. If significant movements
been synthesised to provide a state of appear likely, special precautions may
the art review of:- be taken to minimise them. Meanwhile,
(1) movements, particularly heave, research workers are endeavouring to

which have been associ;ted with AGF; obtain a greater understanding of the
(2) methods used to predic h ave; processes involved and to develop better
(3) techniques for limiting arvements. predictive techniques.
The shafts forp two sub-groups within Good case histories are vital to
which common features permit useful all involved in AGF: they supplement the
comparisons. Conditions in the tunnels contractor's personal experience, they
were more diverse. However, with proper may allay the fears of the client by
attention to techniques on site, move- showing that similar jobs have been
ments associated with tunnelling using completed without unacceptable movements
AGF are generally acceptable and compare and finally they provide field data
favourably with other alternative needed by research workers to develop
methods of construction. It is and validate new predictive techniques.
concluded that a check list for case It is unrealistic to review the
histories and some form of reference whole of the literature produced since
testing for frost heave would facilitate the first application of AGF over 100
future studies. years ago. Instead, a cross section

has been reviewed consisting of:-
(1) Major shafts sunk in Britain in tho

INTRODUJCTION period 1947-1976.
(2) Tunnels reported at the previous

When AGF is being considered as a International Symposia at Bochum
possible temporary support system the (1978) and Trondheim (1980).
client will often question the These two groups are sufficiently
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large to provide a reasonably represen- temperatures in observation holes,
tative cross section. Information on temperatures and flow rates of the brine
the tunnels has been supplemented by and the rate of water expulsion from the
other publications and personal enquiry. central pressure relief hole were moni-
Additional data was obtained from the tored routinely. No other sub-surface
records of Foraky Limited who were the instrumentation was installed. Salient
contractors for all the British shafts, features of the works are given in
Since 1977, 10 further shafts and two Table 1. The times are approximate
drifts have been sunk with AGF during since brine circulation did not
the development of the Selby coalfield. necessarily start through all tubes
Records of the movements at these sites simultaneously and ice wall closure has
are expected to be published shortly. to be estimated conservatively.

The case histories are summarised The Ely Ouse shafts were located
in Tables. Whilst reducing the data along a 19 km (12 mile)length of
from many sources to a common format aqueduct tunnel. The job was described
inevitably involves simplification, in detail by Collins et al 1972. The
interpolation and interpretation, care shafts passed through the Lower and
has been taken to present as accurate an Middle Chalk and penetrated about 3 m
account as possible, into the underlying Gault Clay.

The emphasis of this paper is on Between the Chalk and the Gault is the
frost heave but it is recognised fully Cambridge Greensand which is usually
that movements and weakening of the thinner than 300 mm and consist- of
ground associated with thawing are also sandy and chalky marl with phosphate
of major concern. It is hoped to nodules (coprolites) (Chatwin 1961).
consider these aspects in more detail in At some sites the Chalk was overlain by
a future study, superficial deposits of peats, silts,

sands and gravel.
The average dry density of the

CASE HISTORIES Chalk was 1.73 Mg/m3 and its moisture
content 20%. In this area the chalk

Shafts varies between bands of tough, blocky
white rock and softer greyish marls.

Within the period reviewed, 10 mine Chalk is usually a very frost suscep-
shafts were sunk for the National Coal tible material (Croney et al 1967).
Board (NCB) and six on the Ely Ouse - The Gault is a very stiff, often
Essex water supply scheme for the Essex calcareous fissured silty clay. Whilst
and the Great Ouse River Authorities at the liquid limit often exceeds 70,
the locations shown in Fig. 1. values down to 35 are not unknown. The

range of plastic limits (PL) is about
18 to 28 and the natural water content

NE TE, is often at or below the PL. The dry
density is usually between 1.5 and
1.75 Mg/m'.

Regular level readings indicated

frost heaves of between 24 and 144 mm.
This was of little consequence and
resulted in a very few fractures of

IRMINO O3. K7freez tubes.
An interesting feature is that the

frost heave at the Blackdyke shaft,
where the chalk outcrops, continued
after refrigeration had ceased (Fig. 2).

1 calverton cotgravo A similar phenomenon has been observed
bovercotes 6 llingley in laboratry experir 'nts (De Beer et al

4 La V.a11 7 E1y.. 1980). However, at Blackdyke, brine4 II.. ruout.
freezing ceased on December 5th. Thus

Fig. I Location of Shafts atmospheric temperatures which may well
have been below O0 C, could have been

The ground was frozen from the surface responsible for this additional heave.
by circulating chilled brine through The similarity of the peaks in the
vertical freeze tubes, (two shafts which heave-time curves for the outer points
were frozen from an intermediate level at 80 and 105 days supports this
have not been considered). Ground hypothesis.
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lable I Det. .Is of Major British Shafts Sunk with

Artificial Ground Freezing 1947-1976

0003 1
2ONDITIONS FREZING TIM

I CALIbTIU No 2 19 0-105 Punter S 7t 6.3 125 10.0 1.22 6 t -20 1 265 0 %o deta0ile(Nots, lgiand) 105-196 Persan Mare ISO Obasru~tions but mvgd-
"7a-9 A tLIA.teloo dwltem Mnjl8ll!-aM

•196 Coal Momesmr.

2 EVENCoT9rL No 1 03 Drift T.3 Z48 13.4 I.Z3 125 -20 1 X 5 lave began arte"

(Notts. *41.a) 3-6 K. ft..rtoer o. 70 days
6-15 ree. bed.
1 5-204 aot.r Ut

1952-56 206- 360 Parroan
No 2 1 360 COol Peo.. 7.3 252 -do- -0- -d- -do- 203 623 200

3 L&A KALL N. t 2 0-20 A11.uiu 7.3 218 12.2 1.13 125 -19 116 534 NI Vio 13 a hOut.r Is
20-69 Ke.per Set k6o,: at LIttl-worth

no 2 69-1@5 uanter Set 222 -do- -d-- -do- -do- 137 Ut

6 800NI@T114 21 9o-1 Clay so r rd

(73o e a0.r 21-95 Perilan Mals 7.3 106 12.2 1.13 125 -20 116 N
En41.66 ) a Lot
1953-1955 Coal 8 0.

5 COTGRAV o 1 0-29 Keupr-mtlrl T.3 26 8 13. 4 1.2 I2S5 -20 153 610 629(UN o g~ lood 126-162 1,. 6ot.,.tone8

193W-1957 1.'.7 .blter Sat -0ry r,-t-tO0 tued
2Z7-259 Ps. Iflo, Noi. 2 Punk6 frst

MO 2 Lot a 0.recci 7.3 268 13,4 1.26 125 -20 154 556 380
1 259 coal aI -1o

6 KCLLItCL!y W. 1 5.5 -11 0nt*r Sot 7., 9I 1 ..0 1.2? 125 189 662 100 EKoooitlo di. - 9.75 3
(6. sm.6.. I I -I9 P hei.- .as. 060 heave o ociate 4d
S.,li ).1 ISL with gro-t Injection(W.o~ 11- £ t...t.. 

6106 g ti~6t
1958-00 U0 2 009 0 Coil lGsaOr 7.3 1 9 - -- 0- 125 .18 201 671 106

7 ELT-OUSE

(Camb.. 0 lnd)
1 966-69 0-22 Cho1
(a SLACXDYK9 I2 l.5 24.4 '2 0,92 114 -22 37 105 8

0-12 S 1071.1.1 4.5 25.6 7.0 0.96 1256 -27 31 105 49 Soprfloal p oesti
(b) LITTLE OUSE 12-23 Chlk 76 .11tS, 0and0 g £ra6ls

>23 Gault

0-15 SuberTiclal
(c) LAK!3 6A 1O 15-26 Chalk 6.5 31.7 7.0 0.92 114 37 75 24

28.0 Gault

0-12 SspxrfIoO
(d) LANK 12-4, Chalk 6.5 45.1 7.3 0.96 11 _33.7 36 63 3

,42 Gaslt
0-380 ,016l

(S) VONL7NOTON Ch8 4U*t 6.5 60.4 7.3 0.96 114 -29.7 29 140 144 is m ettleaentSGault subo-qo.tly
0-13 3&idpf10al

(fI) -K2Nlt?7 13-71 Chalk 7.31 76.3 10.9 0.96 125 -22 53 e00 )3
071 Gault

POI9LISHED SOUwn.E Or DATA
I. Hill 1957. Wadsorth 1958. 2. Ved0s-rt 9385. Bolth .t1 1973. 3. 0.0 1956.q.6. o '936 5 . IRredto & Poder 196 .
000 1957. 6. blohmon 1959. 7irth 6 Gi11 1963. 7. ColIns & Oeoo 1972.

Those sources wer, chocvo. and sopplooonted w"- possible with Forkay Limlted Record..

P.O. he table .000de. shfts 0t mothor. co. 5r0t & Nulby, ievelnd Which were not rro., to the grond .00-000e.
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I OCT66 I MNGG DEC581 M" FEB69 Pebble Beds are coarser yellow sand-
100 1stones and contain pebbles up to about

1LACKOYKE 12.71,c.distance
SHF60mtvt/ 350 mm size. The Bunter series is a

60 - major aquifer and an important component
in the water supply of the region.

.0, Upper Pernian MarZ is similar in

20 0 lithology to the Middle Permian Marl
(see below).

165, Upper Magnesian Limestone consists of

20 platy grey limestones which are absent
. |LQ in Notts.

-- t.o . _3- 100-1_._ - Middle Permian MarZ is a red mudstone, 2C 0 ', O 0 0 1 w 120 140 E _ _ _ _ __ _ _ _ _

with bands of grey sandstone, gypsum and
anhydrite. It unites with the Upper

Marl in the absence of Upper Magnesian
Flg. 2 Heave at Blackdyke Shaft Limestone. The Marl Is usually an

effective aquiclude.
'he new mine ;hafts were sunk Lower Maanesian Limcotone is a yellow

through the Pe'-"-Trii-qic rooks w.-h dolomitic limestone. "Th Magnesian
lie unconfo.-.,bly over (Z."L Moasures. Limestones are important aquifers for
Twin shafts at the s-,.e :o!l-ery, are water supply in the North of England.
unlikely to be more thn i00t m apart. Lower Permian MarZ consists of grey
The se-li nce of the strata 3s:- argillaceous marly mudstones (Marl
Keuver M,!ar'. Comrising red brown Slate).
mudstones and silty mudstones inter- Basal Permian Sands and Breccia consist
spersed with a n ,her of sandstones or of grey sand conglomerate and bre'cia.
siltstones (ske':ry bands) , gypsum and Being both water bearing and weakly
anhydrite. The red marl is composed of cemented they can behave as running
silt sized aqgregat.ons of clay minerals sands and present a serious obstacle to
and its georechnical properties are shaft sinking.
dependent on its state of weathering as It should be noted that t!he Bunter
shown in Table 2 (Chandler et al. 1973). sandstones and the Magnesian Lir.stones

may be fissured.
Table 2 Keuper Marl Properties In the early projects, it is

unlikely that any routine measurements
" I of heave were made. However, Maishman

4w (1975) considered that heaves of up to
Liquid L,--t, 3 $IS- 35-CO 75 mm were insignificant. Since greater

Plast-ic ,0, . 1-15- 1-- s movement would have prompted observa-
uaurri w -o c 51 : -.35 tions and records, the unrecorded heaves
S1k - --. are thus likely to have been less than

"Ay be non-pias't: 75 mm.
The most interesting shaft is

For roadworks in Lhe U.K., undoubtedly Cotgrave where heaves of
cohesive soils with a PI greater than 20 over 400 mm were observed. Many of the
are regarded ds non-frost susceptible freeze tubes fractured. The heave was
(Croney et al 1967). attributed to frost action in the
Keuper Waterstones are interbedded thin Keuper Marl, probably mainly in the top
marly brown sandstones and soft sandy 50 m or so. Certainly one break in a
marls and variegated shales. freeze tube was recorded at 11.4 m.
Jreen beds were formerly considered a The initial moisture content of the
subdivision of the Waterstones but may Marl appears to have been in the range
be treated as a separate division 9 to 17%. Assuming that the plastic
particularly in North Notts. Thoy limits were in the same range, this
comprise green/grey silty mudstones and material would be considere. to be
siltstones with some tedbr,-wn ban.ls. fro't susceptible in the context of road
Bunter Sandstonv. When fully developed construction. In the shaft freezing,
the sequence cons4-ts of an Uper ana water was readily available from skerry
Lower Mottl,,d Sanl-t-one separated by the bands and in particular from the 1.8 m
Bunter Pel-i" ,  , . '11.-t 'er, ihe tipper thick Cotgrave Place Skerry which
stratum is ab'Aet I, f:tra ,i Yorkshir-. occurred at a de;th of 33 m. It is
The sands'one is soft and fine grained, hoped to undertake some frost heave
red with yellow and white mottling. The tests on undisturbed samples of a
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;iuilar marl and to study this case it must be clear from the records
history further in the light of those whether observations have been
results, continued until all movement has ceased.

For tunnels, a longitudinal section
Tunnels showing the variation of the soil pro-

file and ground water level in relation
The case histories are summarized to the construction and the measuring

in Table 2. Four tunnels reported at points is essential for detailed study.
Bochum but for which no record of heave For all cases, the geotechnical proper-
was given have been excluded. Similarly ties of the soil, in particular grading,
the Helsinki tunnel (Vuorela et al 1980) plasticity, density, moisture content,
is omitted but it is understood that engineering description and classifi-
L-xe and Norie of the Consulting cation of the soil should be quoted.
Engineers (Mott, Hay and Anderson) will Given this information, the thermal
be presenting heave results at the properties, frost susceptibility and
Tunnelling '82 Conference. permeability of the soil can be

The ground conditions at the tun,.els estimated although direct measurements
- Luch more liverse than at the shait are preferable. Results of in-situ

.;, making comparison difficult. permeability and pressuremeter tests
,tith"'i',ore, exLraneous factors such as would be advantageous.

. occur more frequently. The Tw,. neglected areas are the
1_e ase histories is Milch- description of frozen ground exposed

or which detailed results of the during the excavation and details of
C,.'!sive testing and instrumentation ,.D-urface movements. Whilst funding

have be-n published in a number of is an obvious problem, there is little
papers (Table 3). doubt that the lack of inclinometers,

extensometers, pressure cells,
Description of the frozen ground piezometers etc., and the results which

could be obtained from them, isa serious
Kirivama et al (1980) and Akiyama hindrance to the interpretation of the

et al (1 80) were amongst the authors at observed surface movements on many jobs.
TSGFO '..o reiorted observing ice lenses It is hoped that this paper might
t . .cially , frozen ground. Schuster stimulate discussion and perhaps leadto

(I - - ot-served rhythmic ice banding the development of a check list which
in satiatei s'Aty clays and clayey could be used in the preparation of
silts although there is frequently no future case histories. This might
surface heave due to consolidation of encourage all the parties, such as the
adjacent material. Gravels, sands and specialist freezing contractor, general
even quite silty soils do not show ice contractor, consulting engineer, client,
segregation. Ice lenses were found in testing specialist etc., to contribute
both the chalk and clay on the Ely-Ouse data. Many of the best case records are
schemes (Collins et al 1972). those where data has been published by

representatives of several organisations.
Finally, the value of full case

DATA REQUIRED FROM CASE HISTORIES histories in which no movements occurred

should not be underestimated.
The headings of Tables 1 and 3 list

many of the major details which must be
known if a case history is to be used to FROST HEAVE TESI.NG
build up a general picture of the heave
to be expected from AGF. Important Tests in which volume changes are
items which are not tabulated either recorded when a sample of soil is frozen
because of lack of space or because they under controlled conditions in the
were not available in a sufficient laboratory are basic to several predic-
number of cases, include excavation tive methods. It is an advantage if
diameter, details of lining and of plant. both freezing and thawing behaviour can
A number of other very important facts be observed and it is essential to have
would best be presented graphically, the facility to test undisturbed samples
These include time based plots of heat Tests primarily related to the problem
extraction, coolant temperatures, heave, of frost heave of roads have been
sinking and lining progress. When the reviewed recently (Jones 1980,
studies are extended to thaw behaviour, Chamberlain 1981).
grouting details must be considered and
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Table 2 Details of Recent Tunnels Constructed With The

Aid of Artificial Ground Freezing
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The heat flow in AGF is initially and warmer temperatures, heaving of
very high but drops rapidly as the already frozen ground may occur.
frozen zone extends. Up to closure, the (4) The major movement will take place
heat flow is determined by the ratio of in the direction of minimum restraint
the diameter of the frozen zone to that which may not be coincident with the
of the freeze tube. For a typical direction of heat flow.
installation the heat flow drops from (5) If there is a circle of freeze tubes
about 200 W/m2 to 30 W/m' as this ratio the stress conditions within the ring
rises from 4 to about 12.5 at closure, after closure are considerably different
The heat flow across the freezing front from those on and beyond the outer
continues to decrease as the ice wall freezing front.
thickens and may be less than 10 W/m' The modelling of the AGF frost
at the end of the freezing period. This heaving process is, therefore, much more
is not dissimilar to the heat extraction complex than the corresponding problem
rates considered in road problems. for road' -r pipelines. Although there

For AGF applications, it is desir- are sevro! well known mathematical
able to study the behaviour of soils models of the frost heaving process,
under significant confining pressures., Oieir application even to fairly simple
The tests sumarised inT- ?'.. 4 all have field conditions is fraught with
this. fa±ilit1. The Zurich apparatus was difficulty. Nevertheless, attempts to
developed specifically for testing in develop analytical techniques have
connection with the Milchbuck tunnel, increased greatly our understanding of
The Japanese and Canadian facilities the magnitudes of the various processes
were developed to assist studies in involved in frost heaving and further
respect of LNG storage and chilled gas benefit is expected from continuing
pipelines respectively. Although the studies.

results have been presented somewhat Against this background it is
differently, all the tests confirm that perhaps not surprising that in the few
heave decreases as the pressure increases. case histories in which a predicted

A prototype multi-ring cell for heave was quoted, the estimate was made
testing 100 mm diameter x 150 mm high by semi-empirical means.
specimens under vertical pressures of up Jones et al 1978, 1979 used the
to 700 kPa, recently constructed at method described by Schuster (1972) to
Nottingham (Jones 1981) , is now being quantify the heave. In this method the
evaluated, in-situ stresses are compared with the

It seems that the lack of any combined effective intergranular pres-
generally accepted routine test for sure and potential frost heave expansion
frost heave related to AGF may be a pressure determined by laboratory tests.
major obstacle to generalising the Good agreement between the predicted and
experience gained from case histories, observed heave was reported.
Despite the many difficulties involved
in reference testing, perhaps the Table 4 Details of Frost Heave Tests
industry should give serious
consideration to this aspect.

ETW, ZURICN' JAPANESE
I  

CANADIAN'

METHODS USED TO PREDICT HEAVE c0-D TEMPrC - FP to -10
- control Air Surface Surface

A realirtic analytical (mechanistic) Constant Varie, CRP' Cnstant

approach to the prediction of heave from - location Top Bottom Bottom
AGF requires a .-?ry complex model. WARM TEMPfC 15 FPI .1.9 to .2.4

Factors to be considered include:- - control Heat Chaber
exchanger

(1) Changes in pore-water pressure and LOAD SYSTEM Spring Free Alr plaon
both vertical and lateral effective Vert pre2s9kPa S 300 S 1100 S 700

stresses as freezing proceeds. The CYLINDER Rinss Acryl TeflonSPE CI'i-EN it/ms 20 102
hydraulic gradient may be towards or LIa/rn 60 102

away from the freezing front. MEASUREMENTS Tota heave Total heave Heave rate

(2) Compression and/or consolidation of (a, heave
unfrozen ground. ratio).

u gWater floW ater flow
(3) Volume changes in already frozen NOTES 1. Bebi tt &1, 1979. Huder 1979. 2. Japan Gas Associ-
ground due to contraction which may lead stion 1979. 3. Penner at a 1977. 4. Freeuing point.

to shrinkage cracks at low temperatures. 5. Const. rate of penetration (0.47 to 7.6 m/hr).
On the other hand at low stress levels
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Laboratory tests on a representa- by insulating part of the tube (Kiriyama

tive Milchbuck sample, indicated that a et al 1980) or allowing the coolant to

volume expansion of about 2J% could be circulate only through the lower portion

expected on site. The maximum heave (Wind 1979). The growth of the frozen

observed (in the first section) was zone may be restricted by the use of

roughly 50% more than the predicted heating pipes (Miyoshi et al 1978).

heave. When allowances are made for the Other methods which have been used

volume of frozen soil being greater than to minimise frost heaving are:

envisaged and also for the extreme .dewatering (Bebi et al 1980, Kiriyama

variability of this material, this et al 1980),

agreement between prediction and reality .to raise the viscosity of the pore

is reasonable, water by using an additive (Kiriyama et
No forecasts of heave appear to al 1980, Miyoshi et al 1978),

have been made for the shafts. .to prevent confined freezing (Kiriyama

Subsequently, Sanger et al (1979) showed et al 1980) although clearly this is not

that a very simple method could forecast practical if a ring of freeze tubes must

the actual heave usually within a factor be employed.
of 2. It was assumed that the clay Finally, the frost heave can be
expanded by 9%, that half this expansion absorbed at least partially by drilling
was manifested as vertical movement and relief holes to permit volume expansion
that the per:eability of the chalk was iBrending 1980, Kiriyama et al 1980).
high enough to permit drainage. Freezing is frequently accompanied
However, ice lenses of up to 3 nran wre by ice lensing and overconsolidation of
observed in the chalk (Collbns ct al the adjacent soil. Settlements on th
1972) possibly due to impe(ded drainaqe agaravated by the effects of excavatio
after closure. Only 1, mm Lhick lenses are likely to exceed the frost heave L
were observed in the clay,. It tlipr~for,- iay be controlled to some extent by a
appears that the aqree-ien* ,I p'ri; zted careful programme of grouting.
and observed value, ma,. ,', i .. .. A rectn. state of the art paper
fortuitous. (Attewell 1C)-7) sunTmarises settlements

fzom 30 tunnels constructed by a variet
of methods. The settlements range from

PRECAUTIONS TO PREVEN' EIXC. ' 3 to 280 mm with an average of r. --
MOVEMENTS Even assuming that the settler-n's after

thaw may exceed the heave i /0% (Jones
When around cc,rdlatiot5 ind. et al 1979) the movements associated

that heave may be a problem, the r- ef with AGF compare favo.,rably with those
damage is usually mjnimiscd by tzc,'- experienced with other methods.
precautions both with the int, .
and its operation. 1,o'ss of :7,
during the drillinq of horizontal. 1".- CONCLUSIONS
can be prevented by the use of s'; j t.
stuffing boxes (Harri-' et it 19).' The conclusions which have emerged
Frost heave damage to the A sta1I w-; from the foregoing study are:-
can be minimised by ensurinq Iha' C (1) Consideration should be given to
joints in the freeze tubes are secure, agreeing some guidelines for case
The outside of the tubes can be grea-e ! histories.
to facilitate relative movement between (2) There are significant advantages
the tubes and the frost heaving ground. when a case history is reported by a

Heave can be reduced by restricting number of the specialists involved.
the growth of the ice wall once the (3) Some form of reference testing for

minimum thickness for structural stabi- frost heave would be useful.
lity has been achieved. Intermittent (4) The British shafts form two groups

freezing during the maintenance staqe is within each of which there are suffi-

helpful (Bebi et al 1971, Valk 1,38, cient common features to make useful

Jones et al 1978, 1979) and has the comparisons. More detailed studies are

added advantage of rducing the overall envisaged.
cost. At Milchbuc, faster excavation (5) There was a much greater diversity
requiring shorter freezing periods was amongst the conditions experienced in
undoubtedly a factor in reducing the the group of tunnelling case histories

heave between the first and subsequent making comparison and prediction much

stages (Table 1). Elsewhere, the growth more difficult. However, with careful

of the frozen zone has been restricted attention to procedures on site, the
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movements experienced with AGF compare CRONEY, D. & JACOBS, J.C. (1967) 'The
favourably with those reported for other frost susceptibility of soils and road
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FROST ACTION OIk FREEZING (;ROU'NI)
SURROUNDING UNDFRGROUND STORA(;I'
OF A COLD LIQUID

Seiiti 4OSITA and Masami FUKUDA
Institute of Low Temperature Sience, lJKikdado University, Sapporo, Japan

Takeshi ISHIZAKI
Research Institute of Tokyo Gdi- Co. Ltd , Tokyo, Japan

Hideo YAMAMOTO
Research Institute ot ',ikert Co. Ltd., Oosaka, Japan

Abstract connection, this study was devoted to
A small tank ir, the shape of a cyl- looking into these phenomena in detail

inder 80 cm i:i diameter and 50 cm in using a small tank of 80 cm in diameter
deoth was placed in a basin, filled with and 50 cm in depth, which was placed

silty .soil, of t1e frost test field in in a basin of the frost test field in
Toinakomai, viokl vido, Jaoan. wilh its Tomakomai, Hokkaido, Japan. The basin
top at ihe eam- level as the ground sur- (5 x 5 m wide and 2 m deep) had been
faro in the basin. The double wall (two filled with a frost susceptible soil, that
steel sheets 10 cm apart) constituted the is, a silty soil named Tomakomai silt'.
exterior of the side and bottom. As a The top of the tank was made at the
cold liquid at temperature of -23'C was same level as the ground surface in the
poured inside the gap of the double wall basin. A cold liquid at temperature of
and circulated, the soil around the tank -230 C was poured inside the gap between
began to freeze sideways and downwards two steel sheets, 10 cm apart, which
from the tank. Studies made are as constituted the double wall of the side
follows: (1) the progress of the freezing and bottom of the tank. As it was
front was measured and preestimated; circulated in the entire gap, the soil
(2) frost heaving characters of the tank began to freeze sidewards from the side-
and the ground surface around it were wall of the tank and downwards from the
observed; (3) soil-water migration was bottom of the tank. Measurements were
calculated by measureing moisture ten- made of temperature and moisture tension
sions at several points within the soil; inside the soil, heave amount on the soil
(4) soil pressure acting on the tank was surface, frost penetration depth and soil
measured. pressure acting on the tank. The pro-

gress of the freezing front was preesti-
Introduction mated by using the FEM method, where-

Underground storage tanks of LAG upon their results were compared with
(-162*C) and LPG (-420 C) as large as the results obtained by actual measure-
6-13 x 10' kiloliters in capacity have ments. After the cooling of the tank
been recently constructed in great was discontinued, core borings were
numbers in Japan. Ground surrounding made to collect frozen soil samples. Their
a tank has been freezing, extending to layer structures were observed and water
a wide area (10-20 m). A large heaving contents were measured.
force acts sometimes upon the outer wall
of the tank; also a large stress is devel- Instrumentation
oped inside the freezing ground. There- The tank used was a steel cylinder
fore, it calls for an investigation into of 80 cm in outcr diameter and 50 cm in
the freezing behavior of the soil around depth. The exterior of the side and
a large underground storage tank con- bottom was the double-wall type, and the
taining such cold liquids in advance for gap between two walls was 10 cm. The
designing its construction. In this tank was placed in the center of a basin
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(5 x 5 m wide and 2 m deep) which
had been filled with Tomakomai silt.
The top of the tank was made at the
same level as the ground surface as 7
shown in Fig. 1. The soil filled in 1
the basin, which was almost homo- 1 2 j i0 .M)
geneous, had the wet density of "VAX,
1.64 g/cm and the water content of
54 % at the initial stage before cooling PAM
the tank. Meanwhile, it had the
thermal conductivity of 0.706 Kcal/mh°C .z-wL
when unfrozen and 1.354 when frozen;
the specific heat capacity of 473 2

Kcal/m 3hC when unfrozen and 298
when frozen.

A cold liquid of ethylenglycol was
prepared by a refrigerator, which was
set at a distance of 5 m from the basin, Fig. 1 Location of a test basin, a tank
and to the gap of the double wall of and a refrigerator
the tank through vinyl pipes, which
were covered with the thermal insulator. -L_

The temperature of the liquid was kept 20
at -23*C during the test. Cooling was -N1O .3 .5 .7 .9 .I1
conducted for 8 days. The mean air 20
temperature was 13 0C, and the tempera- iNO.2 ,4 .6 . ,10 .12
ture of the soil which was not influenced
by the cooling of the tank was also 13°C 14-25-1-25-1-2-1-25-1--
during the test. The water table in the cm
basin was set at a depth of 1.4 m below Fig. 2 Location of thermocouples
the soil surface, or at a depth of 90 cm (Nos. 1-12)
below the bottom of the tank.

Thermocouples were set inside the
soil around the tank at the levels of 20 Vi W 93 W4
and 40 cm in depth along a vertical plane. II_
At both levels 6 thermocouples were set
at intervals of 25 cm as shown in Fig. 2. L..Dial gauges were set on the top of the

tank and at several points on the ground _ _ 30-f-30--30 i 3o-i
surface to measure the heave amount. cm
Frost penetration meters of the Yahagi- Fig. 3 Location of porous cups to
type2 were set at several points around measure moisture tension ( P -p 4 )
the tank to measure the frost penetration
depth. Pressure gauges were set on the .the downward direction from the bottom
outer wall of the tank at the levels of of the tank and for the sideward direc-
20 and 40 cm below the top of the tank tion at the levels of 40 and 20 cm below
along one vertical line and also along the the ground surface. They reached the
the opposite vertical line at the levels of depths of 44, 31 and 26 cm respectively
20 and 40 cm. The pressure increase at the last stage of cooling.
due to soil freezing was measured. Preestimations were made by the
Porous cups were set at the level of 30 FEM method on the following assumptions'
cm as 3hown in Fig. 3. They were : (1) nonstationary and axial symmetry,
connected to pressure transducers (2) node number 183 and element number
through vinyl tubes and the moisture 36, (3) at the initial stage operations
tension was measured at each point as were made at intervals of 6 minutes, (4)
the height of the water head. the initial soil temperature 13*C, the air

temperature 130 C.
Results and discussions The progress of the freezing front
(1) Measurements and preestimations for around the tank obtained by the FEM

the progress of the freezing front method is shown in Fig. 5, where at the
The progress curves of the freezing last stage (stationary) the front reaches

front obtained by temperature measure- the depth of 69 cm from the bottom of
ments (solid line) and frost penetration the tank. The front reaches the depth
meters (circle) are shown in Fig. 4 for of 30 cm after 8 days from the beginning
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of the cooling at the level of 20 cm
deep below the ground surface; this
value fits very well with the value
obtained by the measurement, 31 cm. CM
(2) Heaving amount and water content

profile of the frozen soil
The heaving processes of the 30

tank and the ground surface at
several points around the tank (25,
50 and 80 cm from the periphery of
the tank) are shown in Figs. 6 and 7. 20
All the curves show almost constant
heaving rates. At the final stage of
the test the heave amount reached the 10
maximum values 5.5, 7.2, 4.9 and 2.0
cm respectively for the tank, distances
of 25, 50 and 80 cm from the tank.
Although the frozen area reached
furthest at the distance of 30 cm from
the tank, heaving on the ground Fig. 4 Change in freezing distance in
surface appeared on the area which downward and sidevard directions
was 100 cm distant from the tank. (circles: obtained by the frost pene-

After the disconti nuation of the trometer)
cooling of the tank core borings were
conducted to collect frozen soil samples 0 O 20 30 40cm

along the vertical lines 5 and 18 cm
distant from the tank. They were Tank

subjected to measurements at every 5 cm
interval. The water content profiles
obtained are shown in Fig. 8. The water 40cm 30
content increases with increasing depth,
and amounts to a maximum value of 150 40
% at the level of 70 cm below the ground 1
surface, which is the bottom of the
frozen layer, while at the lower level
(80 cm below the ground surface) the
water content of the unfrozen soil is
only 52 %. This was to due to the
existence of distinctive ice lenses in the
frozen layer.
(3) Water migration in the freezing soil

around the tank
Because the water level was 40 cm

below the bottom of the tank, the soil
surrounding the tank was at an unsatu-
rated condition. When the cooling of the cm
tank began, the soil water migrated Fig. 5 The progress of the freezing
towards the freezing front from the front around the tank
unfrozen part. Therefore, the soil water 100T
migration was occurring inside the Rm

unsaturated unfrozen soil. In order to s°5
find out a change in soil water content
during the freezing moisture tensions , ocr,

were measured at the points of 30, 60, 50CM

90, 120 cm distant from the tank on the
level of 30 cm in depth below the ground 20___

CM

surface along one vertical plane. The
results are shown in Fig. 9, where u/I, 0 4 9 1 192

2, )3 and I. mean the moisture tension hrS
at distances of 30, 60, 90 and 120 cm Fig. 6 Change in heave amount at the
from the tank respectively. The curve top of the tank (0 cm) and on the
of ', shows a distinctive increase. The ground surface at distances of 25, 50
curve of t 2 shows a slight increase, and 80 cm from the tank
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However, the curve, of '1:3 and t show
some fluctuations around constant value.
This means that there was no water
migration at points further than 90 .. ii 0

in distance.
The moisture mi9 ialiMi , . .,.,. ,

the unsaturated soil occurs dt o'dij 6.

to the gradient of moisture Ir-r.oni-, '
the following equation:.

0 K () 'rx i-
where Q is the water flow ar,' K ',

the hydraulic conductivity ,..li it
depends on moisture ter.: r,, - thv, .

Tomakomai silt K(y.) was already
obtained as the function of moisture c 50 100cm
tension I :

-logo K(4J) = A t B'. 021.
The difference, is rio. Change in heave amount on

in Fig. 10. From equatior I' ".' I f- curftw-e

the value of Q is cal.iil,t, -,
in moisture tlow durin th,- .

shwon in Fiq. 11. The dh.: '

spreads in a range from *.
giday.cm2 and the total :I,'- .t \ ,,
water r.,gra1Fd towar-, th , .

is about I g +:m , which ,

fit with the -esult obt,,i ,' ,
water content inc-rase of th -! .

freezing.
(4) lncrea,. in soil pressurc ak:':! "

on the lank
Pressure gauges were set. o', tl' on

wall of the tank at the (evelc of R .(N

and 40 cm (N 2) in depth below the ',ir L
of the tank along one vertical line and -----

0 50 iCO IS0 2005.
also at the '-vels of 20 (S - I and '40 cm

(S) in depth below the toi nf the tank
along the or,)osite vertical line. Changes Fig. 8 Water contept -''. i: .ores

in pressure are plotted with the lapse takl' .il. A, , . . - I Ites 5 and 18

of time in Fig. 12. The curves of N - -i, nie tank
and S 2 show an abrupt incre,;. t-ir I"hc
first 24 hours and th-' keep ai,:iost
constant values, 0.2'i .28 Mpa (.d
0.15-0.18 Mpa, respectively. Hlowever,

the curves of N I and S, show no
distinctive increase. In several hours
after the beginning of the cooling of the
tank, a large number of cracks appeared
on the ground surface along the
periphery of the tank at each 20-30 cn.
interval. They were spreading radically,
widening, and stretching downwards 0 2'- 48 72 % AM U 16 AN2 hrs

according to the progress of the freezing
front. At the last stage of the test the Fig. 9 Change in moisture tension at

cracks were 50-100 cm long, 0.5-1 cm distances of 30, 60, 90, 120 cm from

wide and 10-30 cm deep, These cracks the tank (qP1, -2, 3, tP respectively)
caused the release of the stress
accumulating inside the freezing soil.
Therefore, the soil pressure at the
shallow level showed no increase. The
values of the soil pressure will be again
examined at the next test 4
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DEVELOPMENT OF A METHODOLOGY FOR
PREDICTING GROUND SURFACE SETTLEMENT
ABOVE TUNNELS IN SOFT GROUND
SUPPORTED BY GROUND FREEZING

John S. Jones, Jr. Law Engineering Testing Company,

Harald W. Van idler Washington, D.C.

ABSTRACT

The use of ground freezing techniques pansion is assumed for saturated clays
for tunnel support is becoming increasing- during the freezing process. This expan-
ly important. Utilizing the finite ele- sion causes a significant change in the
ment methods, a technique has been de- state of stress in the ground surrounding
veloped to predict surface settlements for the location of the tunnel.
various configurations of tunnel depth, Analytical models have been developed
diameter and frozen zone shape and size. to evaluate the full response of tunnels
Two basic soils types have been used for supported by ground freezing. These
the study: sands and clays. The sandy models consider the effects of 1) the ini-
soils are modeled with parameters repre- tial freezing operations on the surround-
senting Manchester fine sand and are as- ing unfrozen soil (clays), 2) the creep
sumed to have no volume change due to the behavior of the frozen soil following
freeze-thaw process. The clays are cavity excavation (sands and clay), and
modeled with various combinations of plas- 3) the stresses imposed on the final liner
ticity indices and overconsolidation ra- after the frozen soil thaws. Surface de-
tios. The unfrozen stress-strain proper- flection is presented as a function of
ties of the clay soils are generated from various parameters, including tunnel depth,
linear regression analyses using correla- diameter, freezing temperature, frozen
tions with cam-clay theory. The proper- soil thickiis,--epth to water table, and
ties of the frozen soils were obtained soil type and characteristics.
from various testing results reported in Sdveral tunneling projects, utiliz-
the literature on clays. The degree of ing ground freezing for support, have
thaw-settlement is modeled by utilizing been instrumented to obtain surface de-
correlations of the water content plastic flections and temperature gradients.
limit ratio to the volume decrease (thaw These projects have been used to verify
consolidation) that occurs during the the analytical models.
freezing process. A 9% pore volume ex-
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GROUND FREEZING FAILURES-CAUSES
AND PREVENTION

John A. Shuster President, Geofreeze Corporation

ABSTRACT

Frozen earth structures rarely, if underpinning on an international basis
ever, collapse in the classic sense of a are presented, together with remedial
structural failure; however, on occasion measures taken. The various elements of
they do fail to perform as planned, re- each example are discussed and general
sulting in significant delays and cost conclusions drawn to assist engineers and
over-runs, contractors employing ground freezing

Selected examples of failures of techniques in the future to avoid the pit-
ground freezing systems for shafts, tun- falls of the past.
nels, deep excavations, and structural
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RECENT DEVELOPMENTS IN GROUND FREEZING
PRACTICES AND FUTURE PERSPECTIVES

F. Gallavresi Construzioni Steciali S.P.A., Italy
G. Rodio
C. Presa

ABSTRACT

The paper analyzes the various fields Furthermore the paper reviews the treat-
of application of the different soil ments, relevant to tunnels and large-
freezing systems (liquid nitrogen, brine diameter shafts, carried out in Italy,
and mixed methods) from the technical in particular difficult ground conditions,
and economic viewpoints, especially as during the last two years (1979-1981).
regards their competitiveness vis-h-vis These recent case histories are analyzed
the alternative conventional soil im- and illustrated with the aid of a large
provement methods, both in current prac- photographic documentation.
tice and in future market perspectives.
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GROUND FREEZING APPLICATIONS IN
UNDERGROUND MINING CONSTRUCTION

Bernd Rraun - Special Projects Manager - Deilmann-Haniel GmbH

William R. Nash - Chief Mining Engineer - Frontier-Kemper Constructors

ARSTRACT shape or depth.
Excavation can be kept unobstructed

The paper outlines applications of as no bracing or sheathing is usually
ground freezine work in underground mine required.

construction in the United States. No disturbance of the groundwater

table or the groundwater quality.

MINE SHAFTS

Mine shaft utilization can be any

T'TROPUCTION of the following:
Man & Material Access

Where site conditions require Ventilation

temnorary sunnort, the application of Production
ground freezinp to mine shaft construc- Emergency Escape

tion has successfully minimized the risk Water can pose many problems to
(or contingency costs) of this aspect ruine shaft construction in the penetra-

of mine development. cion of water-saturated sediments in the
Recent improvements in the sciences shaft collar overlying the bedrock and

of frozen ground envineering and refrig- in the penetration of aquifers of high

eration technology have opened up new water volume, high pressure or both.

applications for ground freezing due to The water entering a shaft will not only

odvantageous economics, hinder the sinking process but, if lin-

The risks and cost uncertainty ing quality is to be assured, water must

inherent in the anlication of alterna- be diverted during concrete placement to
tive methods such as dewatering, grout- prevent segregation of the cement and

ing, slurry walls, caissons or combina- the aggregates.

tions of these can be substantial, even

with thorough geotechnical investiga-

tions and conservative design. CROUND FREEZING FOR MINE SHAFT
sore of the the main advantages of CONSTRUCTION

the ground freezing method are:
Less sensitive to advance geologic The use of ground freezing in

prediction. constructifn is not new. The first

Provides several temporary functions, application of ground freezing for

such ag support of an excavation, mine shaft construction was in 1883

gro,,ndwater control (as the freeze during sinking of a shaft for the

wall is impervious) and structural Archibald mine in Schneidlingen,

underpinning. Germany. On the North American conti-

Adaptable to practicallv any size, nent, freezing was used in 1888 to

319



sink a shaft for Chapin Mining Company MINE SHAFT GEOTECHNICAL INVESTIGATION
in Iron Mountain, Michigan. In potash
mining, the first use of freezing was The investigation of a prospective

in 1886 when it was applied by the shaft location should encompass the

Jessenitz Comoany in Mecklenburg, following items:

rermany. To date the maximum frozen

depth in Canada has been 2,245' (684m). 1. Preliminary Study

(Please see Table 1.)

Ground freezing's application is A. Literature Search (Water, Oil, &

the most broad of alternative construc- Gas Well Logs)

tion methods. (Please see Figure 1.) B. Case Histories - Nearby coi"

The ground at a mine shaft location struction of Shafts

is most often frozen via the circulation

of a refrigerated brine solution Pumped 2. Pilot Hole Drilling & Testing

through vipe casings installed circum- (Soil & Rock)

ferentiallv around the shaft outer diam-
eter. The determination of the depth of A. Soil Borings & Log

the freeze pipes is dependent upon the (1) Blow Counts

elevation of an impervious strata or B. Rock Core Log

rock-type beneath the water bearing C. Geophysical Well Logging

section. It is below this frozen zone (1) Neutron

and in the impervious rock that the (2) Density

shaft seal is constructed. (3) Self-Potential

Freeze wall growth in the ground is (4) Fesistivity

measured i'n temperature monitoring holes D. Hydroiogic Tests

installed in the ground and enuinped
with temperature sensors at critical 3. Laboratory Testing

locations. Furthermore, temperatures,
brine flow, and pressures are observed A. Soil Index Properties

within the brine circuit system. Fre- (1) Grain Size

nuently, ultrasonic techniques are used (2) Moisture Content

to verify integrity and extent of a (3) Saturation

freeze wall. (4) Atterberg Limits

$AND, Gl t' M-[L.*.1. (5) Porosity
U C* PUn, ~o.,,~ [,(6) Density

[fl ill I I HillII I I 1 i 11FB. Permeability (Soil and Rock)
C. Unconfined Compressive Strength

(Soil and Rock)
iff D. Poisson's Ratio

4. Groundwater

A. Regional Conditions - Flow, Etc.
A. Chemical Analysis

The preliminary study should be as
thorough as possible. it is an inexpen-
sive source of valuable data. (Data

- that must be correlated to the particu-
lar site.)

The drilling program represents the

01' 1i 11111111 "iropportunity to obtain soil, rock, and
II'V3I-VIAC C.1102. water information from a single hole.

I I~w l.. I The drilling log of the hole
Il records lost circulation, water inflow,

UtLOVUSflflt8RA&fl etc.

I~ ~~ ~I ILtPLI-J II4@ 
etC

The rock cores and the drilling
U.. IITEM log, coupled with the geophysical

logging data provide the necessary
.LICA0.... "I l information to determine the intervals

/l l ., l l ." to be tested for hydrologic data (drill
OMN N.. 9119 ,. ,WL,-gff. stem and injection tests).

Figure 1 F'- Am ,m
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TABLE I NORTH AMERICAN MINE SHAFT GROUND FREEZING
ALTL DIMFNSIONS IN MFTFRS) YEAR SHAFT SHAFT FREEZE

MINF LOCATION STARTED DIMENSIONS DEPTH DEPTH

ChaDin Mining Co. Iron Mt., MI 1888 4m x 5m 30

PrA Carlsbad, NM 1952 4.6 0 233 107

PCA Sask., Can. 1955 4.9 0 1,051 914

Mvles Salt Co. Louisiana 4.9 0 228 761

International Minerals Canada 1957 5.5 0 1,030 0-70
363-437

Puval Carlsbad,NM 1963 4.26 & 3.650 3056279 128

International Minerals Canada 1963 5.64 0 1,021 468

Allan Potash Mines Canada 1964 4.9 0 1,089 625

Allan Potash Mines Canada 1964 4.9 0 1,089 625

Alwinsal Potash of Can. Canada 1964 5.5 0 1.004 527

Noranda Mines Ltd. Canada 1965 4.9 0 1,052 591

Noranda Mines Ltd. Canada 1965 4.9 0 1,052 591

Cominco Ltd. Canada 1965 4.9 & 5.640 1,089 684

PCA Sask.,Can. 1967 5.5 0 1,068 548

PCS Canada 1967 4.9 0 1,021 461.

PCS Canada 1967 4.9 0 1,000 469

Cargill Louisiana 1969 4.9 0 378 70

Cargill Louisiana 1973 4.9 0 478 76

PCS Canada 1974 4.26 0 1,004 527

Amax Coal Co. Illinois 1974 6.09 0 228 38

Diamond Crystal Louisiana 1975 2.44 0 470 70

Island Creek Coal Co. Kentucky 1975 6.09 0 122 54

Morton Salt Co. Louisiana 1977 5.5 0 381 64

Peabody Coal Co. Illinois 1978 6.09 0 122 53

Selco Mining Corp. Ouebec,Can. 1979 3.65 0 61 61

White County Coal Corp. Illinois 1979 6.7x9.8, 60 335 41

Domtar Goderich,Ont. 1980 6.09 0 518 61

Les Mine Salin Mad.Is.,Can. 1980 6.70 0 122 43

Trris Coal Co. Illinois 1981 5.5,6.09,&7.30 87 64
Asarco Exploration Timmons,Ont. 1981 3.65 0 174 43
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FREEZE DESIGN Hydrologic data, for example, from
the installation of piezometers.

The freeze design phase consists of The state of the art freeze design
six distinct steps which must be com- methods for mine shafts under difficult
rleted for every project. ground conditions uses finite element

Assemble Design Criteria - Material analyses for structural as well as ther-
Properties for the soil, rock, water- mal computations. The final freeze de-
applied loads and strucural sur- sign should include the following items:

charge, if any, at the site.
A. Objectives of design

Determine Technical Feasibility of B. Freeze wall structural design
Freezing - Based on design criteria, C. Freeze wall thermal design
site and project constraints, and D. Layout of refrigeration piping
known characteristics of the freezing system
method and the environment to be E. Optimization of refrigeration plant
frozen, capacity and plant installation

F. Instrumentation for monitoring
Complete Structural Analysis - Of the freezing process
frozen earth mass to determine the G. Pressure relief pipe in shaft
geometry required for overall stabil- H. Specification for prefreezing period
ity and related internal stresses and till freeze wall has required
the effect of time on the stress- thickness
strain relationship. I. Specification for maintenance

freezing
Thermal Analysis - To determine J. Constructibility review and approval
refrigeration method to be employed, of excavation methods in the frozen

as well as amount and duration of zone
refrigeration necessary to form and
maintain the desired frozen earth Quality assurance during actual

mass. execution of the work includes:

Select Specific Construction Approach A. Monitoring of freezing process
and equipment to install the required during prefreezing
freezing system. B. Monitoring of water levels in

pressure relief hole and piezometers

Estimate the cost of the work as C. Monitoring of freezing process
designed, during maintenance freezing

D. Monitoring of ground movements

Fach of the design steps mentioned E. Monitoring of thawing process
above could be the subject of an
extensive technical paper. Though a
thorough treatment of these steps is
beyond the scope of this paper, some R ..ri -Brinesupply-
comments are appropriate. pl.ant -- Brine return-

During preliminary freeze design,

it is sufficient to use simplified cal- 1
culations for structural design based on I
ideal elastic material concepts. For I Stftlining

thermal calculations, approximations as -dame -r
proposed by Sanger (Ref. 8), Kamenskii 'ebrn
(Ref. 9), Jumikis (Ref. 1), or Vialov =

(Ref. 10) are adequate. The preliminary
design must include specification of I -

special additional data or testing which , Ebxcvation dierneter

might be needed for the final design, I
such as:

1ndisturbed samples to characterize
strength and/or deformation behavior
of the frozen soil.

Sandstone I

Urndisturhed samnles to test frost Lrnestone

heave and thaw consolidation behavior Typical Mine Shaft Collar Freeze
of the soil. Figure 2
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SHAFT LININGS shaft sites consisted roughly of the
following:

In most cases the ultimate desire 0' to 20' Compacted Fill (0 to (6m)
of the owner of a completed shaft is for 20' to 23' silt (6m to 7m)
that shaft to be dry. The watertight- 23' to 85' Sand & Gravel (7m to 25.9m)
ness of any shaft will depend on the 85' & below Shale (25.9m) to bottom
shaft lining system to be used, such as: The water table was located at

r ast-in-place concrete approximately 25' (7.6m) below ground
*Slipformed concrete surface. The owner chose to use an open
*Steel concrete caisson of 24' (7.3m) internal
*Composite concrete and steel diameter with V'-0 (.9m) thick walls
*Composite concrete plus steel plus which was designed to penetrate the
bitumen for absolute watertightness saturated overburden intended to seat
and flexibility, and seal itself in the shale.

The decision as to which lining Groundwater inflow into the caisson
should be implemented depends upon the at the shale contact proved excessive
purpose or utilization of the shaft, its and the use of an "ice wall" to prohibit
geologic conditions, the expected subsi- further inflow was implemented.
dences due to mining activities, and/or The construction of an ice wall was
the relative costs of constructing the successful in preventing the water in-
shaft versus the cost or Practicality of flow from the saturated overburden.
operating the shaft with continuous This particular freezing application was
water inflows. as a water cutoff, not as a structural

wall.
The water table was 25' (7.6m) below

TYPTCAL FROZEN SJJAFr WORK ACTIVITIES the surface. The caisson shoe had been
seated at approximately 85' (25.9m)

The typical activities at a frozen below the surface.
mine shaft construction Project include: The design of the freeze was such

Site investigation and selection as not to allow the ice wall to reach
(usually bv owner) the existing caisson wall, thus not

Mobiliz.ation exerting any detrimental pressures on
Freeze collar construction the concrete cylinder.
Refrigeration and temperature moni-

toring hole drilling including Ground Freezing Shaft Data
installation of Pipes

Directional survey of all pipes .Theoretical outside radius of ice
instal led wall 24'-0 (7.3m)

surface Piping system for freezing
and monitoring .Theoretical inner radius of ice wall

Refrigeration plant installation 19'-0 (5.3m)
Prefreezing to build required freeze
wall .Freeze hole location radius

Shaft Plant installation 22'-0 (6.7m)
Maintenance freezing during sinking

and lining .Number of freeze holes - 35
collar excavation and lining
Shaft excavation and lining .Freeze hole depth
Station excavation and lining 125'-O 038m) (40' into the shale)
Sump construction
Permanent Facilities installation .Caisson diameter (I.D.)

(leadframe, shaft equipment, fan, 24'-0 (7.3m)
emergency man hoist)

Wall thickness - V'-0 (.9m)

CASF HISTOPIES .Temperature hole radius location
W6-0 (4.9m)

Coal Mine Shaft Project No. 1
Freeze pipes were installed using

The construction of two 20' (6.1m) rotary drilling techniques. Difficult
diameter air shafts was performed for a ground conditions, cobbles and the
coal company in the Illinois Basin. The disturbance of the ground by the
geological cross section of the proposed caisson caused many drilling problems.
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The geological cross section ot Cne

Average ground temperature wi4s shaft location was comprised of the

maintained at 15°F (-]O'C) using a following lithology:
calcium chloride brine circulation
Medium.

The two freeze plants bad 70 tons ('- 7' Silty Clay ( 0- 2.1m)

of refrigeration capacity each. 7'- 18' Silty Sand ( 1.2- 5.5m)
Both shafts were excavated through 18'- 23' Brown Sand ( 5.5- 7.0m)

the frozen contact zone below the 23'- 27' Gray Sand ( 7.0- 8.3m)

caissons using drilling and blasting,. 27'- 32' Clay ( 8.3- 9.8m)

Upon the completion of the caisson 32'- 44' Clayey Silt ( 9.8-13.4m)

underpinning, the main shaft cnllar 44'- 45' Sand (13.4-13.7m)

foundation was eycavated anO the 34'- 58' Silty Clay (13.7-17.7m)

reinforced concrete bearing set w,,s 58'- 63' Clay (17.7-19.2m)

nlaced. Atop this foundation concrete, 63'- 67' Clay with Sand (19.2-20.4m)

a slinform was installed and the final 67'- 97' Coarse Sand (20.4-29.6m)

lining was placed monolithically to the 97'-117' Coarse Sand (29.b-35.7m)

collar of the shaft. 117'-146' Medium Sand (35.7-44.5m)

The use of the slinformed concrete 146'-152' Coarse Gravel (44.5-46.3m)

lining eliminates construction joints 152'-159' Shale (46.3-48.5m)

through the interval of the saturated

overburden. This slipformed concrete A concrete collar was placed 40'

linin was designed for hydrostatic (12.20m) square. Sixteen-inch dia'ete

loading and was terminated in an imper- (.4m) sonotubes were used as concrete

vious shale at the hearinp spt. The blockouts for the freeze pipes and

completed shafts are dry. temperature holes,

Two 110-ton capacity refrigeratic

plants were used for Stages I and It
freezing with one plant used to maintain

the freeze.

Cround Freezing Shaft Data

Finished shaft 20'- 0 ( 6.1m)
Freeze circle 36'-0 0 ( 11 m)
epth of freeze 175' (53.3m)

Liner plate depth 155' (47.2m)
Freeze pipe casing 5"V Sch40 (127 m)

No. of freeze pipe 36

Liner plate diameter 26' ( 7.9m)

Temp.probe circle 44'-0 0 ( 13.4m)
Temp. probe holes 3 C, 120

°

Conventional excavation methods (a

crane, 630 Eimco and liner plates) were
used through the frozen unconsolidated

overburden. A bearing set was excavated

Mine Shaft Collar - Project No. I in a competent limestone formation

Note freeze pipe manifolding in fore- approximately 30' (9.2m) below the rock
Rround; in background brine return tank. contact. A reinforced concrete founda-

tion was placed and then a 3'-0 thick,

Case Pistorv Coal Mine Project No. 2 (.90m) reinforced, monolithic, slip-
formed concrete lining was installed.

A coal mine ventilation shaft After the slipform demobilization,

located in the flood plain of the Ohio a conventional shaft sinking headframe

River was constructed tsinc oround and associated plant (concrete forms,

freezine through the saturated over- drill jumbo, muckers, etc.) was

burden. mobilized and both the intermediate
The 20' (61m) finished diameter shaft and shaft station were excavated

shaft was to he 1O' (122m) deep to the and concrete lined.

coal seam with the excavation and The total project duration was

lining of a 20' (6.lm) deen sump. nine months. No groundwater inflows

The water table was located 18'-0 have occurred in the top 175' of this

(5.5m) below pround surface, shaft.
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CASE HISTOPY JEFFERSON ISLAND SALT MINE, for watertightness.
LOUISIANA The first 4' of the annulus immedi-

ately above the foundation ring was
A drilled ventilation shaft with a backfilled with concrete to achieve a

steel lining through an unstable water- permanent attachment of the final lining
bearing overburden had to be abandoned to the foundation. Atop this backfill

and backfilled due to lateral ground concrete a seal was constructed.
displacements, up to 2" (51mm) per year, On a 25' (7.6m) diameter circle, 28
a phenomenon quite common in the Culf holes were drilled to 245' (75m) depth
Coast area, and maximum settlements of and 3" (76mm) I.D. refrigeration pipes
10" (254cm) per year. Overstress and were installed. Due to the difficult
buckling of the steel liner, which in soil conditions, a 5" (127mm) casing had
turn led to cracks and considerable to be set to the salt contact using a

fresh water inflows, represented a top drive rotary drill rig equipped with
deadly threat to the salt mine. a Tigre Tierra casing hammer and careful

Peilmann-Haniel, a shaft-sinkinp mud control.
contractor from Germany, and the Terra- The refrigeration pipes were
freeze Corporation, now a division of grouted into the salt using qaltcrete.
Frontier-Kemper Constructors, were Both inclinometer and gyro surveys were

awarded the contract to design and build used to check the alignment of the
a new vent shaft 8' (2.44m) I.D. Based holes. Three ground temperature-
on their combined experience in ground monitoring pipes and one pressure relief

freezing and the design and construction pipe in the center of the shaft were
of watertight, flexible shaft linings, installed.

The design called for (1) a tempo- Two low-temperature refrigeration
rarv support and groundwater control plants with screw compressors and a

svstem to safely sink the shaft through capacity of 110 TR each at -130 F (-25'C)
the overburden, and (2) a shaft lining temperature produced the required
svstem flexible enough to tolerate the refrigeration during the prefreezing
expected ground movements without period. One plant was sufficient to
affecting its waterti htness. maintain the freeze wall after estab-

The soil consisted of fill, soft lishing the structurally-required wall.
plastic clays and sands to a depth of Low brine temperatures averaging
anproximatelv 175" (%3m) to the salt -3 °F (-38C) had to be used to estab-
contact. As the shaft location was at lish a freeze wall of adequate strength,

the flank of the dome, the top 50' as saturated sodium chloride with a
(15.2m) of the salt was fissured. The freezing point of -6°F (-21*C) was
water table was approximatelv 20' present at the salt contact.
(6.1m) below the surface. The use of low temperatures in salt

Cround freezinv was chosen to pro- will cause contraction cracks which can

vide temporary r.und suppcLt and water extend below the refrigeration pipes and
control. Liner plates (12 gape) were through the shaft area to be excavated.
used as the preliminary lining. Between These contraction cracks could lead to

the preliminary and final lining, a 1.5' inflows in the shafts and, potentially,
(.46m) annulus was filled with an if they connect to fresh water can cause

asphalt made of a special bitumen with loss of the shaft if not properly
finely crushed limestone added as filler sealed.
to achieve a density of 81 PCF This particular problem was first
(l,297kem3). This asphalt (with the recognized some 15 years ago when

physical properties of a viscous fluid) Deilmann-Haniel performed the construc-

separates the final lining from the tion of a potash shaft in Lower-Saxony.
surroundinv strata allowing relative In the interim, R & D work has been

movements between the two. The final performed in this field by Deilmann-

lining is anchored in a q' (2.74 m) high Haniel. Using FEM and FDM analyses it
reinforced concrete foundation ring at can be shown that these contraction

approximately 244' (74.4m) depth which cracks occur regardless of how freezing

will transfer the loads of the water- is applied. These cracks can be pre-
tight linine into the strata. The final dicted with an FEM analysis if the

lining consists of a structurally rein- properties of the salt are known.

forced concrete cylinder, comprised of Procedures and materials (a special

prefabricated concrete rings 8" (20cm) nonshrink grout that sets at low

thick and 40" (102cm) high, and a con- temperatures) have been developed to

tinuous steel liner (3/8" (10mm) thick) seal these cracks prior to excavation.
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CONTROL OF FREEZING PROCESS
ON EXAMPLE OF DEEP SHAFTS SUNKEN
FOR POLISH COPPER MINES

Kot F. Unrug, Professor of Mining Engineering, University of Kentucky, Lexington, KY

ABSTRACT risk in the sinking process.

Copper deposit in Polish lower IIDYROLOGICAL CONDITIONS
silesia district is covered by thick,
up to 430m, Tertiary and Quanternary Development of the lower silesia
overburden consisting of waterbearing copper deposit started in 1960 and four
sands, gravels and also coherent strata large complex mines have been constructed,
with different consistency as clays, with 20 shafts, all sunken with freezing
weak shales and lignites. Calculated ground technique within the water bearing
water inflow to the shaft is about overburden. The generalized geological

40 m 3/min with the head up to 4.0 MPa column is as follows.
-Quaternary: 40 to 100 metres with

of the bottom of the tertiary strata, two water-bearing levels;
Several problems encountered during -Tertiary: mainly clays, silts,

sinking of the first shafts resulted in sands and gravels, brown coal series, of
considerable improvement of designing total thickness 250-400 metres with twoand control of the applied freezing water-bearing levels separated by clays;

method. Within the frozen complex some -Triassic: composed of aquiferous

most trouble creating strata have been sandstones with thickness of 90-250

specified and extensive testing program metres;

was carried out to record their mecha-

nical and thermal characteristics. The -Permian: clay shales 0-35 metres

freezing pipe design also has been thick, anhydrites 80-100 metres thick,

changed, to prevent ruptures and brine shales 0-0.6 metres thick, Rotliegendes,

escapes into the rock m as well as consisting of water bearing sandstones.

was established the optimum radius of ig. 1
The mineralization zone (halcosine,the circle and distance of freezing chalcopirite bornite and others, with

holes. It has been found that the hloitebrt adteswh
hole. Itr hasonfo throaatin te metal content 1.2-5%) occurs in limestone
current control of the propagation of andooicPemnueryngt

frozen mantle and its thickness is es- pic slesiand Pr tiieenderlandst

sentialpitch shales and Qotliegendes sandstone

Mechanical boring of the shaft bot- rocks. The deposit is bedshaped. withMecanial orig o th shft ut- an incline of 30-60 due south and has
tom was developed as a first such suc- alternating thickness 3-Sm.

cessful attempt ever done. This was tera re five weh zn

combined with the lining erectio'1 tech- quaternary, tertiary, Bunter sandstone,

nology, resulting in minimum exposure gehstain and Rotliegendes. The first
of the unsupported shaft section in two are playing most important role in
terms of time duration and its length. the shaft sinking operation. Rocks

Ultrasonic monitoring of the actual within these formations have low geo-
state of freezing of rocks appeared to technical parameters what combined with
be a most important tool to prevent the hydrostatic pressure of water
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Fig. 1 - Range of temperatures during shaft sinking with corresponding geological
colun and natural temperature distribution

creates an adverse condition for shaft are represented by 45.7 to 51.2%, lig-
sinking. All water levels stabilize nites 5.7-8.1% and the rest 6.1-16%
close to the surface what proves that in create Bunter sandstone strata.
spite of some insulating nonpermeable [ignites have thickness alternating
layers, exists communication among the from 0.1 to more than l1in.
water horizons through the faults sys- The physical properties of rocks
tern. The filtration coefficients are are low, especially thc angle of inter-

high, so the calculated water inflow to nal friction, resulting in high lateral

theshat 3843/n itthprsue pressure reaching 7 MPa when calculated
2.5-4.0 MPa) overruns the limit for nor- frsat .mdaee nlgt

mal sinking methods. POETE FFOE OK
The percentage distribution of POETE FFOE OK

water bearing strata within the frozen Teetnietsigpormo
part of the geological column varies be- frozen rock has been carried out to es-
tween 31.6 and 36.8%. Coherent strata
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blish their physical properties. In
spite of substantial diversity of results
for various ty;-, cf rocks some techno- G. P,

logically valid division has been made.
Gourp "S" - "safe" which comprises 4

different sands with high water content,
and 0.0.,-2.onm grain size. 00

Group "D'" - "dangerous"; where can 0o

be counted clays, silts and argils. 0 ".
Within this group some especially dan- a 40

gerous rocks have been specified due to 0 0.
the exceptionally low compressive .,.
strength and unpredictable properties.
In these rocks for instance compressive Fig. 2 - Relationship between compressive
strength is: 0srntofsnsfreigem

in temperature-s C; I to 1.8 MPa strength of sands, freezing te-
in temperautre-15°C; 3.0 to 5.7 MPa perature and duration of load.

These rocks do not have elastic proper-
ties, and creep phenomena were observed
in early stages of loading. To obtain
samples of rocks with intact structure,
SxSxScm and 7x7x7cm cubes were cut from 0

the shaft bottom during the sinking
operation. In thermoses they were 50

transported to the laboratory where the 40

temperature was lowered to the desirable s IZZ
level for testing.20-fi *lA considerable decrease in strength ,01 1i' llll 2 1K _
has been observed of the samples of 0 5 0 5 5345 ,

sands being thawed and frozen again.
Their strength is in average only 60% Fig. 3 - Relationship between compressive
of those frozen only ones. Clay be- strength of clays from freezing
haviour is much worse because cyclic temperature and duration of load.
freezing destroys completely its struc-
ture. THERMAL PROPERTIES

RHEOLOGICAI. PROPERTIES The natural rock temperature which
depends on depth and geothermal grade

Compressive strength traditionally (Fig. 1) is lowered by freezing in a
used as a main designing consideration different rate according to the thermo-
appeared to be nonconclusive in light physical properties of particular strata.
of newer investigations, which indicated So the pace of freezing process of dif-
relationship between the strength and ferent rocks starting from fastest ones
time of loading. During shaft sinking, can be listed as follows: sandstones,
after rock is exposed stresses increase wet coarse sands, wet fine sands, moist
gradually in a longer time resulting in sands, sandy clays, clay., clays with or-
much lower ultimate strengtn values when ganic matter, lignites with clay, lig-
compared to the ordinary compression nites. it has been observed that even
test. Figs. 2 and 3 are showing these relatively low temperature does not
relationships from Russian investiga- mean that all free water has been fro-
tions [4]. As it is observed from the zen. Figs. 4 and 5 show how thermal
diagram the long term strength is 1.5 properties influence development of fro-
to 2.0 times less than the short term zen rock mantle. For instance in clays
compressive strength. Referring to tnat in -30oc about 30-50% of free water stays
for the time of exposure of unsupported unfrozen. It depends on the size of
shaft wall 12 hours, a diminishing fac- pores (percentage of capilar water).
tor 1.5 should be used where only com- Thermal conductivity expressed by
pressive strength tests are available, the unit Kcal/mOCh for water in +20oC is
and factor 2 for longer exposure time. 0.514, for ice in 00 C is 2.0. For sands

depending on moisture content and tem-
perature varies between 2.03 tO 2.92,
while for clays 0.3 to 1.6.
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Fig. 4 - Temperature distribution depending on rock type (a', and frozen mantle
thickness as function of temperature [b).

VOLUMES CHANGES OF ROCKS WHEN FROZEN frozen rocks with temperature. As it was
expected these changes are dependent on

Another laboratory study has shown water content in pores. In a case of

a phenomenon of volumetric changes of sands the excessive water during freezing
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Fig. 5 Frozen mantle thickness diagram as it was measured by ultrasonic survey
when reached by sinking.

is pushed out by the front of advancing of the shaft. An increase of volume is
frost. In clays where filtration co- a cause of large stresses which are re-
efficient is low it is not possible and leased when shaft excavation is made.
as a result, clays have larger volume Observed are then radial displacements
increase than sands, of shaft walls, and sometimes shaft bot-

During ground freezinp' before the tomn upheaves.
sinking starts, and after the frost Changes of volume can also explain
mantle is closed even in sands free wa- a phenomenon of high pressure appearing
ter can not find way to go unless the when first time frost appears on the
dewatering hole is provided in center permanent lining after its installation.

331



When concrete is placed behind the

tubings (cast iron)(Fig. 8) it produces
heat due to the exothermical nature of
cement hydratation. This thaws the im-
mediate contract of frozen rocks causing Al

volume decrease of warmed up material. IT2
Pressure acting on the outer perimeter T1
of the shaft mantel imposes its creep Ej
toward the excavation in this case, and
produces confinement of the lining./
When frost second time advances through
the previously thawed material increase
of volume causes high stresses, because /AZ
of rigidity of shaft lining. In several A'

cases cracks in the lining were observed . ._'n__ _

in time corresponding to the above de- - " -
scribed process. *\>-

FREEZING PROCESS

The freezing stations for the shafts
sunken recently with 7.5m in inner dia-
meter were implemented with 2 stages A3

ammonia compressors allowing to obtain
temperature even below -400C. This
gives an important additional capacity
in case of some problems encountered Fig. 6 - Freezing holes cirlce and loca-
during the sinking. The condensation tion of control holes
temperature was +35 C, reducing con-
siderably water consumption when com- geological column and location of dif-
pared with previously applied aggre- ficult to freeze rocks. These areas of
gates. The other technical parameters potential problems have to be closely
were as follows: freezing depth - 470m, watched to assure safe sinking.
steel freezing pipes diameter/thickness
140/8mm, inner poliethylene pipes CONTROL OF TH E ROCK MASS FREEZING PROCESS
75/4.3mm, freezing station capacity for

6 The theory of freezing process is2shaft site 3x06Kcal. Brine flow well developed including analog and nu-

12-13m /min, with volume 320r , power meric modelling. The main difficulty
installed (for 2 shafts) 3500kW, water exists however when gathering of input

3 data is concerned, and because of that
consumption . mmin. Mean brine tern- a field control system remains as an ul-

perature 30°C with flow rate 0.S-0.6m/sec timate way of generating information as-
(in annular space), Reynolds number 2500. suring safety of the operation.Applied system - one sectionsungaetofheprti.

frin t em ac e freztin 1Measurements of temperature providefreezing; time of active freezing 110- part of information however under high

233 days. Difference in temperature be-
30 confining pressure consolidation of rock

tween intake and return brine 3 C. Di- not necessarily starts at 0°C.
ameter of the freezing holes circle - Thermal hole locations is shown in
16m. Distance between freezing holes Figs. 6 and 7.
1.25m (Fig. 6). The second control method is based

VERTICALITY OF FREEZING HOLES upon the difference in velocity of elas-
VERTICALITY OF FREEZINGOLE tic wave travelling through the frozen

and non-frozen rock. Two soundsemitter
Deviation from the plumline in- and receiver are lowered in the

creases with depth of drilling. The neighbor holes in a way assuring their
positive correlation has been found be- position on this same depth. An impulse
tween the deviation of holes and problems from emitter to receiver goes through
encountered during the sinking. To the rock between pipes and the time of
assure verticality of the freezing holes penetration is recorded, allowing to cal-
is worth to sacrify some time during the culate velocity.
drilling. Once the survey of deviations The system "AMA" being used for ul-
has been done, the dangerous sections tasonic measurements has the following
can be determined when compared with a
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features: Frequency range 500-200001lz The obtained results allowed to
the range of measurement in non-frozen check whether frozen mantle was closed
ground is 1-3m, in frozen ground 3-6m. or not. To do the measurements the
Emitter power in impulse 20KW range with inner PE (poliethylene) tubings had to
the measurement time of wave passing, be removed (wined on spools) from the
6-I0fsek. Fitness of measurements (time pair of holes to be tested. Than the
of passing acustic wave) 5%, fitness of sounds could be sunk into the holes.
measurement of relative damping of acus- Measurement between the holes with de-
tic wave is 20%; temperature range of viations in opposite direction is usually
work +35 to -350 C. Examples of wave a logical choice. However this can
velocities in: differ substantially on particular levels

and therefore requires an individual
water - 1450m/sek judgement in each case.
ice - 4300m/sek
rocks - 160 C sand - 800m/sek FREEZING PIPE BURSTING

- 170C sand - 2000m/sek

Freezing pipe bursting is the most
Ultrasonic control was used parallely dangerous event when sinking operation

to the measurements of temperature in is concerned. An escapingbrine thaws
thermal holes. Through the study of geo- frozen rocks and when the "hole" in
logical column, physical properties of frozen mantle will develop, there is no
rocks and survey (every 50m) of freezing more protection against water and flow
hole deviations, the most critical zones rocks when present in the vicinity.
were found where ultrasonic Such a perforation of the frozen
examination was done independently to mantle it is the comm'on cause of the
routine measurements, accidents resulting in flooding of the

4

* 3"

7.5 m

E
In/5 N

Fig. 8 - Underhanging system of tubing lining installation. I, 11, 1I, IV - con-
secutive phases of construction. 1. Installation ring, 2. Cables suppor-
ting assemble ring, 3. tubbings, 4. concrete (back filling), S. hydrau-
lic jacis supporting assemble rings.
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shaft. In literature are known several CONCLUSION
case studies of such disasters, which
are difficult to handle and always very For successfuly shaft sinking with
costly and time consuming. application of the freezing method to

In early shafts which were sunk great depth the following recommendations
without necessary experience in the re- can be done:
gion some serious problems occurred in-
cluding flooding of one shaft. The - to maintain verticality of
rupture of the freezing hole was the freezing holes, even when it will con-
cause of it. In certain shafts pipe siderably increase drilling time.
bursting was nearly involving half of - freezing pipes should have high
all pipes. The control of volume being strength with large allowable deforma-
in circulation was assured by a float tion, and tight couplings.
installed in the return brine tank, sig- - wide application of control method
nalizing when brine level starts to drop. is desirable as e.g. - ultrasonic one,
The visual inspection of return pipes enabling monitoring of actual size of
allows to determine what hole is frozen mantel, and its strength.
leaking and this one was cut off. The - testing of physical properties
so-called rescue casing, smaller in of frozen rocks with creep characteris-
diameter was then put into the hole what tics.
proved to be an effective way to deal - realistic calculations of frozen
with the problem, however the thermal mantel thickness based upon well de-
conditions of heat transfer deteriorated fined properties of rocks.
substantially in such a hole. - selection of freezing station

After research being done to iden- parameters adequately to the optimum
tify the causes of pipe fracturing, fol- freezing regime.
lowing explanation has been found. Due - introduction of new cooling
to the uneven rate of freezing in dif- agents, with less viscosity and den-
ferent rock types, e.g., sands freeze sity, to decrease pumping costs. Such
much faster than clays, freezing pipe a medium should not defreeze rocks when
is caught in certain levels. Then after pipe burst occurs.
some period of time clays freeze with
increase of volume and therefore a ten- REFERENCES
sions force acts on the pipe.

It should be noticed that pipe 1. T. Glazor, J. Plesniak, T. Kopec:
bursting was monitored, during an active "Shaft Freezing to the great depths" -
freezing period long before a shaft head Conference on New Technology of Shaft
approached the corresponding level. Sinking - Czestochowa, Poland 1974.

To cope with this problem, steel 2. Hilbig, P., Kratzach, H.: Die
used for pipes has been changed for messtechnische Uberwachnung eines
the one with increased deformability. obsatzweise geofrozen Schachtes, W.
The connectors have been redesigned to Germany, Opladen 1971.
maintain even outside diameter of the 3. Kteczek 2. State of stress and
whole pipeline - (before connectors were strain in frozen rocks around the shaft
sticking out). An outside bituminous as a function of time, Gornictwo Z.37,
coating of pipes also was considered to Academy of Mining & Metallurgy, K akow,
utilize the creeping within the bituminous Poland 1971.
layer, allowing on relative movement be- 4. Tiutiunnik, P.M., Stability of
twene the pipe and frozen rock. shaft walls sunk with freezing method,

There were identified also some Szachtnojc Straitelstwo 1964/1, USSR.
other reasons of bursting being related S. Ostrowski, W.J.S., Design Considera-
to the hole deviations (too close to the tions for modern shaft linings, CJM Bul-
shaft) and bending of the pipe, when letin 1972, Canada.
shaft wall deformed toward the opening.
The underhanging system of tubing lining
installation (Fig. 8) has eliminated to
large extent deformation of shaft wall,
because unsupported shaft wall is at the
most 2.Sm in height.
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EMPLOMENT OF ROCK FREEZING TE'CHNIQUES
FOR SINKING DEEP MINE SHAFTS

Losj,I.F.,iipl.Eng.,Shaxtspetsstroy,Wosoow,USSR
klorov,I.N. ,Dipl.mng. ,Shaktspetsstroy,Moscow,USSR.
.Lowuin,Yu.A. ,Cand.Sc. (Eng.),Saaktspetsstroy,Moscow, USSR.
Varenishev,7.M. ,Can. Sc. (Eng.)Shaktspetsstroy,Moscow,USSR.

In 6ne USSSA two mine shafts of 146 mm. and wall thickness of
aere constructed with uhe appli- InmM.Inside these steel casings
cation of deep (o20m.)rock free- thre were mounted steel freezepi-
zing technique.The whole of the pea of 60mm. in diameti, desoen-
rock mass were frozen from the ded to the final shaft depth and
surface to the final depth since steel freeze-pipes of I04mm. in
within this depth range the rocks diameter used within the upper
were flooded and some of uhiem - stage depth limits.All the pipes
anstable. were a~ranged concentrically.
.he rocks were clays,sands,limes- Under~pberation of the upper stage
tones and chalk deposits.Tnte gro- freeze columns the brine flow was
una water head came to 5.3 1AJa supplied into boreholes through
at the final depth.According to the annular interpipe space betwe-
Jae uesign at the consuruction of en the inner wall of the casing
the mine shafts of V.5m. in dia- of 146 mm. in diameter and the
meter the deep rock freezing was outer wall of the freezepipe of
carried out through 66 freeze co- I04mm. in diameter,while its re-
lurans staggered along two concen- turn upflow passed through the
uric circumferences of 14.5m. and annular interpipe space between
19m. in diameter respectfully, the inner and the outer walls of
Formation of a frozen rock coffer- the freezepipes of I04mm. and
dam was carried through in two 60mm. in diameter respectfully.
uaocending ntages:the upper sta- For freezing the lower stage rock

ge (to the depth of 270m.) was mass the brine flow was supplied
frozen by the freeze columns of into boreholes through the freeze-
the inner row and the lower sta- pipes of 60mm. in diameter and
ge-by all the freeze columns in back to the surface it wasvturned
the both rows. within the upper stage bounds th-
The freeze columns were made of rough the annular interpipe space
steel pipes with outer diameter between the outer and the inner
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walls of the freezing pipes of 60mm. rant temperature drop at the inlet
and I0mm. in diameter respectful- and the outlet of the freeze colu-
ly.In this case the annular inter- runs of the inner row gecreased
pipe space uetween the outer and from 5-70C to 2.0-2.5 0 and after
the inner walls of the freezepi- the changeover to the low-tempera-
pe and the casing of I0~mm. and tare freezing it increased again
I46mm. in aia,,weter respectfully up to 6-?O0.
was Cleared out of Lhe brine with In tne process of rock mass free-
tie aid of tie co, presse air sup- zing to tae onaft full depth cue
ply. refri.erant tuimperacure drop at
At every minie saa.Ct Une Voc4 mass the inlet and the outlet of tae
fraezing xa; ensured oy a freez- frevze columns of the ouuer row
ing plant i!n refrige.ating out- chaneeu insignificantly (from 3.5
put of 2i0.&,Q _l/r.'o, cue to I.?° ).
upper aatee .K i!. freeziu% At the luwer stage rock mass free-
the cnir i tvrau:; ' 4s -20 0 zing cne refrijezant heating in
an J, ,.-I Low, r tow~ e . ciC mass tUe freezepipes of uomm. in diame-
freezing i. 1 , ->c .oc. ter came to 15-200 C at tne begin-
i2he freeze .~lej.,: >red with ning of cau freezing process and
average i.m. c .ert'oo :tom the then it ,radually uropped to IU-
vertical po~o ,t- 12oC 0Oy the I80-th say.
est spacinca .az Uo0 ,- 2/m. In cue initial period of the rocK
An automatic temperature measurir,- mass freezinG the refrigerant tem-
system was uesirI-d anu used for perature diLfarence at tne outlet
conurolling Uoun ie ft'reing ays- of tue Livzeze column and at the
tem operation and tue process of upper stage final Uepuh came to
the frozen rocK cofferdam forma- Id-Ig9C and only Dy tne end of the
tion. freezing process it dropped to
Data of the : ,yscematic tempera- 4-5 0 C.
ture control at the mine shafts Besides cnere were established
enabled to geG much information significant aeviations of the Cre-
aOout the freezing system bena- eze columns' individual operating
viour in service and the process regimes from the average Wnich in-
of the frozen rock cofferdam for- creased in proportion to the depth
nation. growth.
Specific features of the deep rock Non-uniformity in the temperature
freezing regime were characterised regimes of some freeze columns in
by a sharp increase in time neces- service was + IOC at the initial
sary for the refrigerating equip- period and oflfy by the 150-th day
ment to run up to stable tempera- after tne beginning of freezing it
cure regimes of operation and an became stable at the value of
unexpectedly high temperature los- 4 50C tiht constitutes 20/ of the
ses throughout the freeze columns' Tefrigerant mean temperature.
depth. According to observations effected
At the upper stage rock mass fre- at the mine shafts with the aid
ezing with the compressors running of thermometric columns the oegin-
in the regime of single-atage corn- sing of formation of the frozen
pression of the refrigerant the roc coiffrdam at the bottom of
period of time required to attain the upper stage rock mass due to
the limiting nigh vaporization great temperature losses through-
temperature of -250C was 80-90 out the depth was recorued only
days for the mine shaft No, I and on the I-th-50-th aay after the
oO-70 days for the mine shaft No.2. freezing system run-up.
At tne lower stage rock mass fre- Data of tempracure measurements
ezing tue period of time required enabled to calculate a process of
to aLtain steady refrigerant tem- the frozen rock cofferuam forma-
peratures of oeiow-30oC was 90 days tion and to define freezing rate3
for the mine shaft No.1 and 180 for different rocics.
days for the the ,ine suaft io.2. Predictions of the frozen rock
At tie upper stage rock mass fre- cofferaam atate were taken as a
ezing for the time when the com- oasis for schedulling snaft sin-
pressurs run in the regime of sin- &ing worics.
gle-stage coiapression the refrige- As shown above,diladvantage of
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the freeze column design employed tal and tne neaving rocks adjacent
is in a consideraule heat exchan- to tae freeze colmnn.The contact
go between the brine flows moving areas between heaving clays and
in opposite airections. stiff rocks in frozen State were
Both the refrigerant heating wnile of the 6reatest uanger for tne fre-
it flows down in the freeze pipe eze colamn pipes as the taermal
and its cooling when it flows up deformations of clay heaving at
are unfavourable .If the first the initial pressure of 4-5 Ma
factor extends tne freezing time, within the teaperature range from
the second factor reduces the ref- UOC to -2UQ constitated 1.1-1.5
rigerating output of the freezing por cent and the aeaving pressure
plant.The said disauvantages did increased up to Ib-2I ja.Pa.It was
not cause significant oostacles in established that after stabiliza-
formation of the frozen rock cof- tion of tae freezen clay tempea-
foraam of uesigned dimentions, ture witnin the range from -12 C
Lnough it tooi much more time. to -20 0° and the neaving pressure
iit une uepth of O0-oj0m. the tni- witnin the range from 16 to 21 MPa
c~ness of ,he frozen roc6 coffer- the elastic strains of heaving ex-
uam was 5.5-d.5m. and it Uependea pansion for these clays constitu-
on both tne neat-conuactivity of ted from 0.8 to I.1 per cent in
different rocgs and the direction case of conditionally- instanta-
of tne boreaole eflection from neous unloading. Since the moistu-
6ae ertical position. re content of neaving clays in
Vertain difficulties were caused their precontact areas with water
by pipe Orea&akes in tne freeze 6atarated sands and stiff rocks
colamns, was much higher than in the midd-
2iie freeze columns' breakages we- le of the stratum,the ultimate
re dctecued in tie areas of inter- strains of elastic unloading were
oeauin6 of rocs having different arranged for the contact areas.The
payical.iechanical and thermal said type of cue frozen rock mass
propertie6 oth in thawed and fro- aeformations was mostly dan-erous
zen scate..,oreuver,oreaxages in for tue freeze column piies,espe-
tlhe freeze columns occured in the ciaily ia case of blasting rock
interoed contact zones of stiff excavation tecnnique as within the
rocks(frozen sand,sand-suone,li- snort perious of time the freeze
mescone)with neaving rocks(marl, columns' deflections might oeco-
clay,loam,clay shaie aiu etc.). me ultimate.
Pne freeze columns breakages at In accordance with tWe up-to-date
small,mean and Great uepths occur- conceptions of mechanics of solid
eu oefore starting shaft sinning medium at tue shaft wall uncove-
works and especially in the pro- ring there are taaen place a sno-
cess of snaft sinking give eviaen- rt-livea elastic unloading of the
ce to the exisuence oi a comlica- frozen rock mass and a uevelopment
ted strejed-strained condition curougnout the time of non-elastic
for tie freeze coluans which Grows creep strains both in front of the
up chrouGhout tue time beginning shaft face and along the radius
from te setting of freeze pipes from the shaft centre to deep in-
into boreholes ann till the acco- to the rock mass.Around the unco-
mplisument of shaft sinking. vered part of the shaft there is
As it was recorded at various pro- aeveloped a zone of non-elastic
jects,oreakages of the freeze co- surains. In course of time the
lumnn pipes,before ihaft sinking boundary of this zone is shifted
were observed,as a rule,during deep into the rock mass in front
tie period of cyclic changes in of zne shaft face and along the
tne temperature and hydraulic be- radius in the uirection of the fre-
naviour of tae freeze columns in eze collnns.iiadius of the non-
operationi.e. at the sharp inc- elastic strain zone development is
rease of the brine tempzrature in aependea on a rock excavation te-
the freeze columns from -50 0 C to canique,size ana duration of the
-IO°C,4nen at its intensive urop shaft wall exposure,stratum thick-
to -3 455oG and at reiteration of ness and sLrength characteristics
ta similar Lemperature changes of rociL penatrated,shaft sinking
of cne orine,the frueze pipe me- Uiameter,Wnaft Snore re6ponse.
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Data of in-situ measuremcnts of te 3b5-3,/Im. there was observed an
shaft uncovered Nalie and face dis- inuensive clay heaving at the

placements proved by une caarac- shaft rocK walls attended with Che
ter of their development tUivoug- opening of ve-tically-oriented
hunt Une time une validity of cne- cracKs as well as the oiaf; Zcd
se general principles of mining roc& i- aving aCcoL",pudniea by the

pressure effects.AccOraing to in- formation of crac&s that oroe up

situ measurements during rae fir- tlie slaft face rocA into blocks of
st L-6 hours after explosion the I5xI5x30 cm. in size.At this depth

suaft wall displacement eate in range aiter the fitting of cast -
sandstone at Lae place of its con- iron aUoings aua Ghe concreting of
tact with clays ( mark-359.9m.) a spaoe uetw;en Lae tuoing uaK-
and in clays ( mar&s 3o3,Sm-SdS,0m side and tae shaft rock wall the
383.0m.) was of 1.7-2./mm/hr res- shore ring No.30I dislocated asi-

pectfully and uuring 6he following de so ;nat tie 1oles for joint
5-7 hours it was about J.5-I-5mm/ oolts in the aorizontal flanges
hour.For the first hours of onser- of the next nore ring Cubings
vations the shaft wall radial dis- had to ue displaced to make it
placements totalled 20-30mm. and concentric.Dislocation of the sho-
for the following more extended re ring No.301 was as great as
period of time they were only of 45mm.
5-Imm.After the saaft wall sho- 2he intensive clay heaving was ai-
ring the frozen roci ueformations so oserved within the aepth ran-
were not discontinued but aepen- ge of 574.0-400.Om.
ding upon a stope heigut ana a In construction Df the vertical
shore responSe they continued to flexioility node that served as a
uevelop tnroughout the uime.In compensator in sobseluent rock de-
case of small stopes (I.5-2.0m. watering(tnc depth range of 475.5-
in height) ana a strong shore ra- 48I.4m) tne horizontal butt Ju-
ponse ( mulilayer snore) aefor- ints at the 3 snore rings fitted
mations of tue frozen rocks oeca- just aoove tne nose were gapped
me stable during uae first 5 days with the opening of 1-12mm.
after the suaft wall snoring.4hen The cause of tuis uifficulty lies
the stope height in the frozen in tcre joint effect of tae inten-
clays was increased up to 5-om. sivu roc& detormations and some
ueformations of the shaft wall tecunological factors. Phe node
shore and the rocks came to their was construct;ed in the a.ea of
ultimate values 20-30 uays later thick clay stratum.
after shoring. kor its conitruction tue shaft
In this connection at the great 3in~ing diameter was increased oy
stope heionts uspeciaily in the Im. pe2 3 meters of Lae shaft he-
precontact areas of clays anu igut.iiue intensive radial uiapla-
stiff rocks une freeze columns cements o1 clay occared even du-
that turned out to be witin une eing tue noue construction that
region of the fro7en rocks' inuen- made it neCessary to erect an ou-
siVe ueformations,as a rule,oroke ter cau.in snore ring aoditional
down.As it too& place,in the first to other shielding constructions.
turn there were oroken dovn tnose Tis caaseu tue vertical displa-
freeze columns in the inner row cement of clays in downward direc-
that have been set nearer to the tion towards the shaft wall rock
exposed shaft .vall.The freeze co- exposure under the vertical flexi-
lumns in the outer row were Kept bility node.,inile displacing do-
respectfully safe with Uue excep- wnwards the clays caused tensile
tion of 2-3 pieces per every mi- stresses in the tubing snore ring
ne shaft, column in a local area above the
At mine shaft sinKing the blasting veorical flexibility noue. The di-
technique was employed for Cue ro- fficulties occured made it neces-
ck excavation and for the shaft sary to conduct special ooserva-
shoring there were used cast-iron tions of tue shaft &all rock de-
tubings being initalled following formations aaa to correct both the
the stoping in tue direction from zinuin tecuiue and the shoring
the top to downwaras. technology in dangerous areas.
In the process of the mine shaft At pre.jent the doovementioned Jif-
sinking within the depth range of flculties are oeinG analysed and
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r .siM ary conclusiouns made by
une practicing engineers who had
participated in the shafts' sin-
king works are as follows:
I. Ialiaity of calculation of the
frozen rock cofferdam Onioxness
by zne method su46ested by prof.
3.S.Vyalov was proved by practice.
2.'T'e pipes proviuing uhe refri-
5erant supply to the freeze colu-
mns must nave maximm tnermo-
insuiacing properties anu the fre-
eze pipes inside the freeze colum-
ns-maximum aeformation capacity.
3.Ebxposure of the shaft rock wall
must De of a minimum in time and
neigilt.
4.At the depths of more taan 300
aeters the freeze boreholes must
be not least than 3 meters away
from the shaft rock wall.
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TEMPERATURE, STRESS AND STRAIN MEASUREMENTS
DURING AND AFTER CONSTRUCTION OF CONCRETE
LININGS IN FROZEN SANDSTONE

P.F.R. Altounyan Dept. of Mining Engineering, Univ. of Newcastle upon Tyne
M.J. Bell Shaft Sinking Branch, National Coal Board
I.W. Farmer Dept. of Mininp Engineering, Univ. of Newcastle upon Tyne
C.J. Happer Selby Project, National Coal Board

ABSTRACT measure temperature in shaft linings and

adjacent sidewalls at Whitemoor Mine.
Vibrating wire strain and tempera- Instrumentation was designed and in-

ture gauges and total stress cells and stalled with the objective of measuring

piezometers were installed in a 7.3m temperature variation in a nominal 600mm
internal di',ter concrete shaft lining thick lining and at distances up to lm
at a depth of 232m in frozen saturated into the frozen ground. In addition
Bunter Sandstone. Observations of total stresses, strains and niezometric
temuersture changes during concrete hy- pressures were measured in the lining
dration and stress changes during thawing and at the lining/rock interface after

of the icewall, led to the following main placing of the lining and following the
conclusions: subsequent thaw.

a) Rises in temperature during hydration 2. STRATA AND SHAFT DETAILS
of the cement in the concrete lining
raised rock temperatures to a level

wher thy wu'inot ffet hdraionWhitemoor Mine shafts have a
where they wou'! not affect hydration planned depth of 92Dm. The first 2Dm of
of the concrete at the rock-concrete shaft is through glacial drift overlying
interface. 26Om of Bunter Sandstone. The remaining

b) Following thawing of the icewall, succession comprises Permian marls and
hydrostatic and total lining stresses limestones to 500m. These lie uncon-

were iPcntical. formably on the Middle Coal Measures.

1. INTRODUCTION The surface level is 7m A.O.D. and the
ground water level is approximately 1Dm

When concrete shaft walls are cast below ground level. The Bunter Sandstone

against frozen strata during shaft con- has high permeability and porosity.

strutio, liingthicnes.-s-arePacker permeability inflow borehole testsstruction, lining thickness. s are
increased by 15Dmm (Auld, 1979; at an adjacent shaft site give perme-

Weehuizen, 1959) to allow for incomplete ability coefficients of:
hydration of the concrete in contact with Permea- Estimated
the ;cewall. There is, however, no bil'y inflow to 1Dm
experimental evidence to justify the Depth(m) coe [I. shaft (1/m)
assumption that the temperature of the km/s)

concrete adjccent to the icewall will be 42.34- 52.D3 5.DlxlD
6  

175
reduced during the initial stages of
hydration to temperatures of around 4'C, 130.79-143.53 1.8DxlO

"6  
205

where hydration is inhibited.

During sinking of shafts through The average horizontal permeability
frozen Bunter Sandstone in the Selby coefficient of borehole specimens was
Coalfield, an opportunity arose to 8.14 x 10-6 m/s and the average porosity
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of borehole specimens was 34.4%. Other from the sidewall. The hole was
geotechnical average data from dry initially filled with grease to ensure
laboratory specimens were: optimum conductivity. Three temperature

Uniaxial compressive strength 9.8 MN/m
2  gauges were installed directly into the

Uniaxial deformation modulus 5.5 GN/m
2  concrete, mounted on a rebar attachca to

Cohesion 2.8 MN/m2  the shuttering and hanging rods. The
Coefficient of internal gauges were positioned (see Table under
friction 0.50 Figure 1) centrally and as close as

Dry unit weight 1.84 KN/m
3  practicable to the surface, backwall and

Dry axis of the lining. Strain gauges were
Specific gravity 2.67 located at 600 intervals. These were

Some tests were also carried out on cast in pre-cured concrete briquettes and
frozen core specimens giving modified located on the shuttering and backwall
geotechnical data: to measure inner and outer lining hoop

Uniaxial compressive strength 36.2 MN/m
2  strains. Mercury filled resue clls

Uniaxial deformation modulus 7.5 GN/m
2  were located at three of these locatioIs

at the rock-lining interface to measure
During drilling of exploration total radial stresses. Piezometers

boreholes there was low core recovery in were located in 500mm boreholes back-
the Bunter Sandstone, confirming the filled with bentonite pellets at the
general picture of a weak high porosity same locations to measure piezometric
sandstone in which the major part of the pressures.
water flow was through the porespace.
Selection of groundwater freezing to 4. RESULTS
control water inflows and ensure side-
wall strength at low depth was made at The results CL: be grouped in three
an early stage in the project. Detailed categories: the change in temperature
design of freezing is given by Wild and during cement hydration in the setting
Forest (1981). concrete; the change in temperature of

The shafts at Whitemoor Mine were the saturated/frozen sandstone during
7.3m (24ft) internal diameter with natural and forced thawing after
nominal concrete design thickness of cessation of the freeze, and the increase
0.6m, throughout the frozen zone. The in ground water pressure and associated
specified concrete was 45 MN/m2 sulphate lining stresses and strains during the
resisting concrete to class 4 Building thawing of the icewall.
Research Establishment (U.K.) Digest Continuous temperature observations
174. were taken for 37 days after casting of

the lining. The thaw was started 13 days

3. INSTRUMENTATION after casting of the lining.
Figure 2 shows typical temperature

The basis of the instrumentation measurements in the lining and icewall
has been described by Altounyan (1982). from one array (gauges 8-13) of tempera-
It comprised vibrating wire temperature ture gauges. These are reproduced as an
gauges, vibrating wire strain gauges isometric projection in Figure 3. The
and piezometers and stress cells with following points may be noted:
vibrating wire transducer outputs. a) A maximum temperature of 50.O°C at
These were multiplexed at source and
monitored from the surface through a gauge 13 near the centre of the
single shaft cable, lining and of 49.8 0 C at gauge 12,

The general arrangement of the 290mm from the rock concrete inter-instrumentation layou at a depth of face, occurred 29 hours after pouring
232m is illustrated in Figure 1. At the of the concrete. A peak temperature

level selected, overbreak .ad increased of 38.4oc at gauge 14 occurred 29hours after pouring of the concrete.
the lining thickness to an average of husatrpuigo h ocee
the li g tb) The effect of the exothermic reaction
95Omm. Temperature gauges were installed due to hydration is to increase

at 900 in te frozen rock and temperatures in the icewall to above
concrete. Boreholes were drilled 1.2m freezing point. At gauge II, 5Omm
into the frozen rock and four tempera- into the rock an initial temperature
ture gauges mounted longitudinally in a of -1.10 C, initially relatively
p.v.c. tube were inserted so that the high, due to the presence of warm
centre of the outer gauge was 50mm ir in the excavation, was raised to
from the shaft sidewall. The other OC after 12 hours and reached a peak
gauges were 320m, 770mm and ll70mm
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S VIBRATING

2 TEMPERATURE3 AUGES 1 -28

PIEZOMETERS

PRESSURE
CELLS

2 6 = VIBRATING WIRE
2 STRAIN 6AUGES

IN BRIOUEI TES

Figure 1. General layout of instrumentation around Whitemoor Mine No. 2 shaft at
232m in frozen Bunter Sandstone.

Dosition of temperature gauges

Gge Dist Gge Dist Gge Dist Gge Dist Gge Dist Gge Dist Gge Dist
No mm No mi No lmi No mi No tin No use No use
7 115 6 340 5 555 4 790 3 1060 2 1510 1 1910

14 115 13 490 12 755 11 1095 10 1365 9 1815 8 2215
21 115 20 145 19 615 18 875 17 1145 16 1595 15 1995
28 110 27 465 26 770 25 925 24 1195 23 1645 22 2045

* Gauge Nos 4, 11, 18, 25 installed in the frozen ground 5 m from rock surface.

Lining thicknesses, including overbreak, were 74Oinn at array 1-7; 1045m at 8-14;
825 at 15-21 and 875 at 22-28. Nominal shaft diameters were: inside 7320ui;
outside 9090mm. Average freeze tube spacing was 687tmm in a l400use diameter ring.
Freeze tube steady state temperature was -30°C.
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Figure 2, Change in temperature with time after pouring of concrete at gauges in
array 8-14. Note position of gauges -11, 50mm into icewall; 10, 320mm into ice-

wall; 9, 720m. into incewall and 8, 1170mm into icewall. The concrete was 1045mm

thick and gauge 12 was 290mm from the icewall; gauge 13 was 550mm from th- icewall

and 495mm from the shaft surface, and gauge 14, 115mm from the shaft surface.

TEMPERATURE
GAUGES 8-14

~-50 CONCRETE FROZEN ROCK 1

0 500 1000 1500 2000 as

DISTANCE FROM SHUTTER (mm)

Figure_3. An isometric projection of the temperature profile with time through
the shaft wall at array 9-14.
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of 16.9°C after 54 hours. Gauge 10, previous observations by Altounyan
320mm into the rock recorded an and Farmer (1981) of the very low
initial temperature of -8.8oC, strata disturbance caused by ground-
reached O°C after 46 hours and a water freezing.
peak of 4.10 C after 98 hours. ii) The lining strains can be shown to

c) Gauges 9 and 8, respectively 770mm exactly relate to the hydrostatic
and 1170mm into the rock recorded stresses in accordance with Lames
initial temperatures of -12.4 0 C and theorem, and a computed deformation
-14.2 0 C and although temperature modulus of 33.6 GN/m 2 compares with
rose significantly, it did not reach the design modulus range for 45 Mh/m2

freezing point, concrete of 27-38 GN/m 2 .
d) Gauge 11 did not monitor refreeze

until 13 days after initial pouring CONCLUSIONS
of the concrete. None of the gauges
in the concrete had recorded a a) The effect of the exothermic reaction
temperature lower than 40 C when de- during freezing was to increase
tailed observations ceased after 37 temperatures in the icewall to above
days. freezing. Gauges 50mm into the ice-

Figure 4 plots change in temperature wall did not monitor freezing point

with time at the shaft wall/icewall until 13-14 days after pouring of

interface, following cessation of concrete. It may be concluded that

freezing. Forced freezing started at the presence of the ice wall did not

-150 C and rose in stages to OOC. The inhibit hydration of the concrete at

first major breach of the icewall the rock-lining interface.

occurred after 209 days (Table 1) and b) Following thawing, total and hydro-
lining stresses - initially having a static stresses on the lining at the
minor geostatic effective stress com- rock-lining interface were identical,
ponent - gradually rose to hydrostatic indicating zero geostatic component
stress levels. of radial lining stress, and vinimum

Table I. Total stress and hydrostatic pressure readings.

Time after Total stress-pressure Hydrostatic pressure-
concrete cells N/m2 ) piezometers OPa)
pour(days) I II III I II III

15 0.37 0.40 0.33 0 0 0

200 0.40 0.42 0.36 0.03 0.05 0.04

209 0.67 0.66 0.63 0.50 0.53 0.56

217 0.68 0.69 0.65 0.48 0.38 0.49

300 2.20 2.11 2.17 2.22 2.20 2.21

From data on total stress and disturbance of strata by groundwater
hydrostatic pressures obtained from freezing.
pressure cells and piezometers in Table
I, the followin; points may be noted: ACKNOWLEDGEMENTS

i) There is a close correlation between The work was carried out as part of
piezometric and total stresses.
The average piezometric stress for a research project supported by the

National Coal Board and the Research
three gauges after 300 days was 2.21 Fund of the European Coal and Steel
MN/m

2 . This compares with a

theoretical piezometric pressure of Community (ref. 7220-AC/84). The views

2.18 MN/m
2 if the ground water level expressed are solely those of the authors.

is assumed 0m below ground surface. REFERENCES
The average total stress is 2.16
MN/m2 , indicating zero contribution ALTOUNYAN P.F.R. (1982) Measurement of
tostresses, strains and temperatures
wall rock - even though this was a in concrete shaft linings. Proc
relatively weak rock. This confirms
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Figure 4. Change in temperature with time at the shaftwall-rock interface during
thawing of the icewall. (Zero time is equivalent to 40 days on Figure 1)
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INTERACTION OF FROZEN SOILS WITH
WELLS AND, PIPELINES

M.M. Dubina Institute of
Physical and Technical Pro-
blems of the North, the USSR
Academy of Sciencez, Yakutsk

A BSTRACT Heat release within the
well during its drilling in per-

When designing reliable st- mafrost results in defrostation
ructures of the wells bored in and thawing of the latter. The
permafrost, it is necessary to strength of defrosted and thawed
make use of some calculation me- rock is less than that of frozen
thods to estimate the mechani- one. Clearly, with the extension
cal effects of thermal interac- of defrosted and thawed zone
tion between these structures near the well the rock pressure
and surrouvding frozen soil. In influence is growing and leads
this paper irreversible strain to a loss of soil stability in
manifestation in permafrost near che walls of uncased wellbore and
uncased well during ground de- to emergence of some supplementa-
frostation and thawing produced ry loads affecting the string set
by the heat release within the when the well is cased* This
hole is considered. Correspon- rock stability loss in the well-
ding mechanical problem solu- bore walls contributes to the
tion is used to estimate the ge- cavern formation which represents
ometrical parameters of wellbore sources of further complicati-
wall forming during this process ons during casing and exploita-
Then relations for calculation tion of the wellbore. As an
of the freeze-back pressures example of such a complication,
both at freezing of the water we can take the cased string
bear masses outside of a string squashing due to the freeze-back
set and at its congelation wi- pressure. As known 11 ] , such a
thin the interetring space are pressure may form both at water
suggested. The calculation mo- bear mass freezing within the
dels are established according caverns when the well structure
to the methods of the theory of is loaded from the outside (ex-
plasticity and those of viseo- ternal freezing), and at its
elasticity. As a result, some freezing in the intercolumn
calculation formulae of rock space (internal or interstring
stability parameters and those freezing).
of casing string loading for the The problem of stress re-
case of permafrost thawing aro- distribution at rock defrosta-
und the wellbore and at its tion along the hole, as well as
freeze-back have been obtained, that of its freeze-back, are

considered there for the axially
INTRODUCIVION symmetric plane strain case. The

particularity of these problems
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consists of the presence of mo- view-of the linear theory of
ving boundaries characterizing a viscoelasticity by means of the
discontinuity of the physical- state equation
mechanical medium properties of (2)
its density and of mechanical eatt ,,S ?Vt 4 1C)t1 (
state equation parameters or a whereGv * & are, respective-
change of state equation type. ly, stress and strain tensor
This feature is explained by the components; RL(t, ) is the re-
existence of frozen, thawed and laxation core; . is the pro-
freezing material zones near the cess time; t(r) is the phase
wellbore. change moment at the medium

Let us take the axis line point with the coordinate r ; and
of the wellbore as the symmetry OItEL/i (1i 0J , where O( ,
axis a tied to a rock bulk coor- E. , V, are, respectively, the
dinate system with a radial com- shear modulus, the Young's modu-
ponent r and a tangential onei? . lus and the Poisson's ratio. The
In accordance with the axial index[ in (1), (2) and further
symmetry and plane strain condi- denotes a medium deformation
tion, the displacement vector zone.
has only one component tL Which In the problems investiga-
is not equal to zero in the ra- ted the radial component of
dial direction. The strain ten- stress tensor Gr and that of
sor components in the radial 4, displacement vector U are as-
and tangential tv directions are sumed as continuous on the all
tied with the stress tensor com- discontinuity boundaries of
ponents %., 6 and S, by Henky's state equations and their para-
relations i pVing the volamet- meters. At the elastic-plastic
ric deformation at the phase deformation interface we satis-
change with a linear coefficient fy the continuity conditions of
d which, in the general case, such a transition according toa].

is a function of the radiusr [2)
The stress and strain tensor
components of these relations WEILBORE WAILS STABILITY
satisfy the equilibrium and com-
patibility equations, the mecha- The permafrost defrostati-
nical state equation and the on and thawing process results
Cauchy relations connecting to- in the formation around the well-
gether strain and displacement. bore with the radius z of the

The state equation mentioned inferior rock strength zone of
is used here in three forms. the radius m(t) s Phsical-mech-
Firstly, in the form of linear nical parameters of the latter
relationship between stressesand strains (ooke's law) for unmelted permafrost that occupies
the elastic stage of deformation, the reaion >h y The rock pre-
Secondly, the plasticity state Pressur
of the medium is described by the action, respectively, h and
Coulomb-Mohr equation [3): rwh , provokes the stress con-

(1 centration growth with the inc-
(1 rease of the well depth k e At

where ..m-{6,s _) ,b- - ,6.;.I; the depth k,, the rocks of the

N1-t1Cr./+.q/,' I ." A s the rock inferior strength are subjected
internal friction' angle; C1 is to the irreversible deformation
the rock cohesion; i-zm is the accordingly with the condition
thawed or inferior strength zone; (1). With the depth growth and

L:=9 is the zone that became fro- at the constant radius value of
zen due to the process considered, inferior rock strength zone
L=f is the unmelted permafrost ( S =const ), the radius of rock

zone. This zone notation Is va- plastic deformation zone,RP in-

lid throughout the material ex- creases from the value of PW
posed. Thirdly, the rheological for =ha, up to Rfts for ). ht
effects of rock deformation will and at the depth h1, >6
be considered from the point of is the unmelted permafrost that
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starts to deform irreversibly EXTERNAL FRREZEZBACK
( R >s for h> hIi). The
rocs that have attained the ir- Elastic-plastic model
reversible deformation state
offer the inferior stability and, Mathematical models of the
under unfavorable conditions, can freeze-back have been examined in
cave in the uncased well, Then, (1, 5,6,9,10]. Those publications
in some approximation, hL can however did not deal with the
be interpreted as a depth of poe- analysis of the possible exis-
sible cavern formation and R tence of external pressure maxi-
as their radius L . This appro- mum, Pi which is independent of
ach to the cavern formation dif- the initial radius of freeze-back
fers from tome author's suggOesti-. boundary 3. The existence of the
ona where KK is assumed to be quantityP, follows from the gi-
equal to the radius of thawed yen in 16-8) diagrams of the ex-
zone. periment carried out in the real

The total of the above-mon- wellbore conditions. In 110], for
tioned relations and conditions assessment of the external freeze
on the region boundaries brings back contribution to the total
to an equation system which, for load affecting the casing strings
the caseQ, Rp. , can be re- from the frozen rocks, an elastio-
duced to the equation for Rp plastic process model is taken,
taken as a function of i not allowing for the rock pressu-

Rt- re contribution. In accordance
J(3) with 1101 , the value of pres-

sure P at the frozen rock plas-
and to the formula for determi- tic deformation for NL -1, >-O
nation of the wellbore wall dis- and. 4= const , can be deter ined
placement by the formula
UE., \Ni " (4) + Is 7

where An is fhe effective coef-

where f and V. are, respec- ficient of set string elastic
tively, the specific weights of compliance, 0 is the frozen
frozen soil and fluid within the rock shear yield stress, the for-
welibore a mula (7) being valid for 9.>S

For the case when R,$ the that is possible when P>qp., .
solution of the original system Prom the problem solution the
leads to the following formulae pressure is equal to 91;F when
for calculating Rp and U. : RO reaches the boundary S,

INS &According to the evidence availa-!Fri L.;-' ble in the literature on the
PZCW S -.- (5) question, the quantity qri is not
+ ~ ~ sufficient to squash the casing

N- strings, so that prior to crea-
UsabitI .1 J C - 4 tion of the squash threatening

04CLL N;load level the frozen rocks are
*(Z.Nu...h~ ~(6) subjected to plastic deformation

a' "and the freeze-back pressures can
Expressions for 11% , be calculated from the formula

and ks can be easily found from from
(3) and (5) , assuming that RP,= For calculatint Pm from
and Rv-S . The given here re- (7) we have at S, )>
lations are published in [41 . P1=  (i+ kO) 1 (8)
The calculations show the inc- of
rease of the radius Rp with the where there are no geometric pa-

growth of h having the plot rameters of the problem, but Ps
convexity directed to the well to be a parameter of the medium

axis and the augmentation of ha , mechanical reaction on the ex-

I hal with the rock st- ternal freeze-back process. As
rength. to the values of mechanical pa-

rameters of the problem, taken as
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given in [6-8], the difference lity of which for this problem
between the values of Pm cal- being shown in [8 ]
culated from (8) and those measu- Prom (10), for =er. &
red by the mentioned paper au- it foliows that
thors is about 20% with the tre-
nd of the calculated values ex- ' 9. t(
cese over the measured ones. Al- This formula proves the existence
so note that the maximum pressu- of the maximum Pr in that parti-
re calculation with the help of cular case of the relaxation
(8) should be made for Of and Ef time equality in the unmelted
taken at the corresponding fro- frozen zone and in the refrozen
zen rock temperature Tt - Pres- on-. In the general case, the
sure values obtained on the ba- pressure maximum may not occur
sis of the model suggested are within the freezing time inter-
less than those determined from val. This depends upon a definite
the ice melting phase diagram relation of geometric elastic
known as the Bridgeman's depen- and rheological region deforma-
dence in the limits of O0O>Tj> tion parameters and upon the pro-
-220C [11]. tess time defined from the solu-

tion of a corresponding heat-
Viscoelastic model transfer problem. The methods of

heat-transfer problem solutionIf using the rock state are available in [ 9, 13).
equations that do not include
the parameter of time, then, the TNTPRSTRING FREEZE-BACK
maximum pressure Pm represents
the asymptote for the case of The computer is the most
the unconfined growth of the ini- convenient tool for calculating
tial freezing zone radius. When a multistring well structure in
allowing for the rheological ef- the ease of the possible water
fects of rock deformation, the bear mass freezing in any inter-
external freeze-back pressures string space. Here we take the
can have the extremums not only simpliest case of the calculation
on the freezing time interval formula for the interstring pre-
boundaries, but within them.This sautes in the two-string well
can be shown analytically [IZ] . structure loaded by the pressure

Using the state equation p- acting from the inside of the
(2) and the described solution internal string, by the hydro-
procedure for determining the static interstring pressure P
external freeze-back pressures and by the external pressure P'
at 'A w0, a( w an st and those which may contain the external
of liquid-like thawed zone, we freeze-back pressures considered
find the formula in the previous item. According

t to (143 , for the hydrostatic
sLIIMOV +9) strese distribution, the inter-Coierin an estring pressures can be definedConsidering an example of AS

viscoelastic model of the medi- S 3zp4 / Q),p
um in the form of the "Maxwell S
body", then, from the condition ac.' c s , \k (12)
of existence of the pressure ex- + +
tremum 4P/ dt -0 at the maxi- (I N '- . I-a j
mum pressure formation time no- where Acli 3 ,/ E j); ej,,c
ment -t, we find the equation are, respectively, the radius,

.thickness and the elasticity mo-1-0)+ dulus of the strings- I = is

t6the internal string, -2 is the
where Ti, in the relaxation external string; k. ana k, are,
time; ty is the constant free- respectively, the volumetric
zing boundary propagation rate elasticity modulus of thawed and
for the linear relationship frozen phases of the freezing8(t. u to- , the reliabi- water bear mass. The calculati-

152



one show that in contrast to the idle time and for the determinam
external freeze--back pressures tion of the permissible charac-
the internal oLe are able to teristics of freezing water bear
attain the equilibrium pressure mass and of structural well fea-
values defined from the ice mel- tures.
ting phase diagram. This is due
to the greater rigidity of free-
zing mass confining strings in ACKNOWLEDGEMTS
contrast to the rock mechanical
properties. So, the interstring The author wishes to express
freezing is more dangerous than his gratitude to Dr.B.A.Krasovit-
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STUDY OF THE FREEZING PRESSURE

ACTING ON A SHAFT LINING

Chou Wanxi, Associate Pro-
fessor, Huainan
ining College,

PRC

The carboniferous layer in

Panji coal mining district is
almost completely covered by water-

bearing overburdens of varying
thickness. The total thickness of

soil overburdens is more than

200 m.
For the -linking of shafts

through this overburden the freez-
ing method is employed. The rein-
forced concrete lining has been
applied in Panji shafts.

It is found that freezing
pressure augments with the increase
of depth of the soil, the distri-
bution of which being uneven. The
freezing pressure resulting from

the deformation of the freezing

vall is likely to give rise to

the breaking of the reinforced
concrete lining.

The freezing pressure is

measured in several shafts. The

behaviour of the freezing pressure
is described and calculation me-
thod is proposed for stress

analysis of the shaft lining under
non-uniform freezing pressure.
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1I
Freezing Pressure in General pressure, P. ror the initial

stress of the soil, and It for the
A freezing wall., cylindrical temperature stress, we have

in shape, is artificially foxried P r HK -. 40
by freezing and frozen soil prior where T represents the average vo-
to the shaft sinking operation. lume )f the overlying soil; H the
Sinking process may be carried out depth of the soil; and K tie hori-
safely within the wall without zontcl tn-ust coefficient of the
danger of influx of undergrouind soil.
water. The freeaing wall resists R- to (2
both water pressure and ground wheare t o represents the average
pressure applied by the water- temperature of the frozen soil;
bearing soil outside, ensures a and the temperature stress coef-
temporary stabilization of the ficient which means an increment
shaft site during the Binking of the grozen soil stress for
operation and prevents the freez- every 1 C increase of the average
ing tubes from being horizontally temperature of the soil. According
displaced too much from their ini- to our definition, therefore, we
tial positions. obtain

The freezing pressure is the o3 Ps- t.
pressure of the freezing wall act-
ing upon the shaft. How does tis or P
freezing pressure cone about?About Fcr sandy loam, we may put K=

the cause of the freezing preszure c.4--.6; for sand layer, K-O.4

there raged for many years a great 0.6; for sandy clay, K 0.4--.5;

controversy. However, it has g 6 n- for sandy gravel, K--0.4--0.6. The
erally been accepted that a rela-tively practical approach to this temperature stress coefficient mayv
qtionly practical seh to s be determined in this way: for
question wold seem to be: sandy loam, =0.2--0.4; for sand

I. Prior to the foratio of layer, --O.1--0.2; for sandy clay,
the freezing wall, the soil hl3 =0.4--0.5; for clay layer, =0.4-
already been under some kLnd of -0.6; for sandy gravel,&4--O.
stress, the initial stress. After Not only can the formulae list-
the freezing wall has been formed, ed above be used to explain the
an additional stress, the tempera- ground pressure found during the
ture stress, results under the shaft sinking operation by the
action of the temperature field, freezing process, but they can

From this it follows that tne also be used to estimate the free-
stress on every point is an over- zing pressure which will be of
lap of these two stresses.In other value for shafts to be designed
words, prior to the excavation of and sunk by the freezing process.
the shaft, the freezing wall Ais The freezing wall may be view-
accumulated a great amount of ed as an elastoplastic mass which
energy; and, as soon as sinking is in a plastic state under the

operation begins, this energy action of the ground pressure and

tends to release, thereby result- the water pressure from the out-

ing in a pressure actirg on the side, and ':hose deformation, under
shaft -- the freezing pressure, the ,trees of the frozen soil, de-

Considering that the initial velops as time goes by. This has
stress is related to both the been sufficientIj proved by physi-
depth and the physico-mechanical comechanical tests made on the be-
behaviour of the soil layers, and haviours of the frozen soil.Figure
that the temperature stress is r shows the creep curves of the
lated to temperature, it is infer- frozen soil. Obvious creep defor-
redmation can be seen before lining
not onl ' a function of temperature operation; and, after lining hasbut also a function of both the be opeeti ido e

dept andthe hysco-mchancal been completed, this kind of de-depth and the physico-mechanical formation is retarded, thereby a
behaviours of the soil. Accord- freezing pressure acting on the
ingly, the actual freezing pressure lining occurs. This explanation
varies with the depth of the soil. for the freezing pressure is

Let Pf stand for the freezing
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convincingly practical.
It would be lopsided to regard

the freezing pressure merely as a
frost-heaving force. Nor would it
be all-sided to think of the frost-
heaving force resulting from re- Fi'r 3. F~raezn9 gi.@nl fo/l1re,

freezing (i.e., freezing again
after thawing) as primary and deci- ctoct f 3ha*
sive.

A Preliminary Analysis on these cone-shaped slides have been
the Anomaly in Freezing out of balance, the energy within
Pressure the frozen soil is capable of self-

adjusting back to its original
Normally, freezing pressure has value, that is, the freezing pres-

been found to behave like this: be- sure will return to its stable
ginning with a sharp rise, followed stage, as shown in the pressure
by a stable stage, and ending with curve 3-1 in Figure 3.
or without fall as temperature in- 2. A 'jump' in the freezing
creases. Sometimes, however, du- pressure has also been observed on
ring the transition from a sharp longitudinal view at a certain ob-
rise to the stable stage, as well servation level, which can also be
as in the stable stage, there hau explained as a 'jump' in the free-
been observed an abrupt rise fol- zing pressure. In this case, how-
lowed by a fall in readings shown ever, the fissure in the frozen
on some or all of the pressure soil are inclined, forming a ring
gauges embedded at a certain obser- of conic cross-section round the
vation level. This 'jump' has shaft lining as shown in Figure 4.
been directly related to change in If, as is often the case, the ring
soil state, upon which we speculate moves inwards, a 'jump' in the
as follows: freezing pressure will result on

1. The frozen soil about the all the pressure gauges at a cer-
shaft site wall, under the action tain observation level, as can be
of freezing wall's weight, the seen from the abrupt rise and fall
water and ground pressure from the in the three pressure curves shown
outside, and the temperature stress, in Figure 5.
tends to transit to a plastic state.
Spiral-shaped fissures form between The Hffect of Stress-Relieving
the shaft lining and the freezing Slots
circle when these fissures cross
each other and form cone-shaped During the sinking of Southern
slides as shown in Figure 2, a Air Shaft by the freezing process,
'Jump' in freezing pressure in a as many as twelve stress relieving
certain locality will result. After slots were excavated in order to
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decrease the freezing pressure of surements showed that the freezing
the calcareous clay layers. The pressure of the s jolidated clay
sectional 2rea of the slots is layer at the 130 m observation
200x3OO mm . In order to deter- level round the Southern Air Shaft
mine whether these slots can play was, not lower than that of the
a role in stress relieving, load similar layer round the East Air
cells were embedded at a distance Shaft which is 882 m away but
of 30 centimetres from the slots, where no pressure-relieving slots
Results of freezing pressure mea- have been excavated. It is there-

358



'emp. Pressue
t *C Vn K1C,

(,C)C

0 n

/ Z 4 5 7 a 9 /V 'I/ I

-to - Temnp. curye

Fiure -. le/ cion between Freez , 3 Pressure ad Crvv pd

Temperoaire ofl4 o DepAk 0,1 105 M~i 5ou-/Aerr,

fore doubtful whether such pres- brickwork structure, the masonry
sure-relieving slots will work. lining will transmit the stresses

it has to bear, very rapidly, to
The Function of Temporary the outer concrete lining.
Masonry Lining Take for an example, on the

seventh day after the Southern Air
Field measurements have shown Shaft had been sunk through the

that the temperature of the tem- consolidated clay layer 170 m be-
porary masonry lining is much low- low the surface, the freezing pres-
er that that of the concrete lin- sure recorded was as high as 17-
ing. For the former the tempera- 29.6 kg/cm2 ; correspondingly, the
ture recorded in the initial stage stresses upon the reinforcing bars
after embedding the load cell within the outer reinforced con-
ranges from -4.2oC to +6.S-O. crete lining were 525-1,045 kg/cm2 .
Whereas for the latter the temper- By contrast, at the Eastern Air
ature recorded an average of +400C. Shaft which had been built without
Weighing one case against the any temporary masonry lining, the
other, it has been found that the stresses upon the reinforcing bars
masonry lining is advantageous in within the outer reinforced con-
that it can protect the concrete crete lining were extensively
lining from freezing. However, found to be as high as 1 ,000-1 ,600
because of the limited strength of cg/cm2 , other things being equal.
the masonry brickwork it is neces- This testifies to the fact that
sary to pour the concrete in time the masonry lining plays somo role
beside the layers where the freez- in reducing the internal stress of
ing pressure is relatively great the outer reinforced concrete lin-
so as to protect the brickwork ing.
from being broken or squeezed out. Notrithstandig, there arises
On the other hand, owing to its another problem that the increase
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in the strength of concrete with between the freezing pressure and
the passage of time is still lag- soil temperature and also shows
ging behind the rapid rise of the the non-uniforn distribution of
freezing pressure. In order to the outer load. Figure 7 shows
reduce the internal stress of the the curves of the reinforcing
outer reinforced concrete lining, bars' stress at the same observa-
it is necessary to lengthen pro- tion level.
perly the time interval between Let Pmax stand for the maximum
masonry lining operation and con- freezing pressure at one observa-
crete lining operation. To be tion level; Pmin for the minioum
more specific, if the outer rein- freezing pressure at the same
forced concrete lining work begins level, for the non-uniformity
at such a time when the freezing ratio of external pressure; and
pressure have reached their peak 0=(Fax-Pmin)/Pmin. Table I shows
values and thus remain stable, certain results of in situ mea-
that is, after two or three cycles surement and non-uniformity ratio
of the masonry lining have been of freezing pressure at the East-
completed (according to our pres- em Air Shaft.
ent sued of shaft sinking opera- It is found that non-uniformity
tions), then the internal stress ratio varies with the type of
of the outer reinforced concrete soil. Freezing pressure at sand
lining will be minimized eventual- or gravel layers is more non-
ly. uniform than that at .lay and sand

loam layers.
Non-Uniform Freezing Pressure

Stress Analysis of Shaft
Nonhomogeneity of soil, incli- Lining under the Action

nation of freezing tubes and non- of Non-uniform External
uniform thickness of freezing wall Ground ressure
result in non-uniform freezing
pressure and non-uniform stresses The distribution of non-uniform
upon the reinforcing bars of the ground pressure around a shaft ina
reinforced concrete lining and most frequently specified in the
non-uniform temperature around the form -.s shown in Figure 8. Ground
shaft site wall. pressure is broken down into two

Figure 6 shows the relation components: a uniform pressure
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over the whole lining and a non- P= R P + E~ ( I -t Co3s 8)..
uniform component which varies
from zero to a maximum in each where:
quadrant. P~external pressure acting at

The ground pressure P at any any point on the lining
point on the lining can be deter- P0 --uniorm external presvire
mined as follows: component
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a denotes internal radius of
the lining

b denotes external radius of
the lining
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P1--non-uniform external pres-
sure component

=angle measured from major
pressure axes

The stresses at any point on
the circular lining is determined
by formulae based on elastic theory.

~~fb b S a-a +

" 2 o'(2b" b's,.- a+) r- 2

+ b*'3+ o4r-'3C28
'S r) ', ,c'r-*

C5- = _P 6 -+ _ +, p," + f.--T 2 3 ,- r.,'

-(b+-#- b'ca- 20') - b'o'(9b3 . c') -r-COS28

tP b'O' ) j-

a (b'- od)a

- o'(2bV, b'a+ a )r -+' a'(3b ba')r- lq.2O]

Let =P /Po, where denotes
non-uniformity ratio of ground
pressure distribution, and let
T=a, T =b, the tangential stresses
can be calcuiated as follows:

VV p h' '--O b O'S26;._ 2.

=b -(b ,- 1) "" bCv-ba-ot J

where:
P1 denotes non-uniform exter-

nal pressure
=P1/Po denotes non-uniformity

ratio of external pre-
ssure
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A STUDY OF SINKING DEEP SHAFTS USING
ARTIFICIAL FREEZING, DESIGN OF SHAFT
LININGS AND METHOD OF PREVENTING SEEPAGE

Qiu Shiwu, Mining Engineer, Department of Scientific Research,
The Two-Huai Coal Base Construction GHQ, Huainan, PRC

Wang Tiemeng, Associate Chief Engineer, Metallurgical and Building
Research Institute, Beijing, PRC

The Two-Huai Mining Districts are degree of water-tightness depending ap-
covered with Quarternary overburdens, parently on the effect of sealing. While
200-770 m in thickness, composed of silt the steel plate lining is satisfactory,
sand, fine-grained sand, moderately coarse the technology and cost involved are
sand, sandy clay and effervescing clay, rather complicated and exorbitant. The
all highly water-bearing, plastic lining is of advantage as far as

Artificial freezing method is em- cost is concerned, but proves unsatis-
ployed for shaft sinking. Steel rein- factory because water-tightness is not
forced concrete double linings are ap- ensured under water head with high
plied. Owing to the complicated hydro- pressure.
geological conditions, fractures are A type of sliding, water preventive
found, chiefly caused by the frost heaving polyethylene lining is developed and is
force and the ground pressure, resulting given to test in the Two-Huai mining dis-
thereby in water seepage. trict with satisfactory results. The

A new type of water-tight plastic structure of this type of lining is based
shaft lining is developed and adopted, on the new water-sealing theory or the
which proves effective up to a maximum lining fracture controlling 'sliding
depth of 318 m. layer theory.' The main idea is to en-

The freezing process under thick hance the water seepage preventive power
overburdens are studied, causes of crack- of the inner concrete lining itself.
ing and seepage analyzed and the new
type of water-tight shaft lining and its 2. The Lining Fracture Controlling
water prevention mechanism described. 'Sliding Layer Theory'

1. InrodutionInvestigations and in situ observations
I. Inrodutionshow that the fracture found in the con-

The Quaternary of the Two-Huai coal crete lining during sinking by freezing
field, 200-770 m in thickness, highly method results largely from a special
water-bearing, complicated in soil condi- kind of 'deformation load'--deformation
tions, involves thereby difficult problems due to contraction caused by temperature.
in choosing a suitable structure form of The structure of the frozen lining
shaft lining for shaft sinking by freez- is a complex structure composed of the
ing method. The main difficulty lies in frozen soil (rock included), the outer
that fractures in circular shape are lining and the inner lining. Factors
found in the concrete lining during sink- such as temperature, humidity, excavation,
ing accompanied with serious water seepage etc., generally tend to bring about de-
after thawing, any follow-up procedures formation of this complex structure as a
of which would be expensive, let alone the result of expansion and contraction. The
postponement of the production cycle- deformation between the linings caused by

Steel plate lining or plastic lining mutual restraint result in restraint
is employed in certain countries, the stress such as freezing pressure, swelling
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pressure, excavation deformation pressure, stress is therefore found in between the
temperature contracting stress, etc. linings and displacement occurs in the

mean time.

2-1 Temperature state of Assuming that the shearing stress is

double shaft lining proportional to the displacement, we

The double shaft lining is charac- 
have

terized by the variation of temperature --C.a (I
during construction stage. The outer
lining is first completed and is in a
state of low temperature (-60 to -10*C). where = shearing stress at a particular
Then, after a relatively long period of point on the contracting sur-face of the inner and outer
say 2 to 3 months, casting of the inner linings
lining is started. The temperature U = horizontal displacement at a
reaches 40 to 500 C in 20 to 30 hours particular point on the con-
under heat of hydration after casting, tacting surface of the inner
and at the same time the temperature of and outer linings
the outer lining, under heat conduction, C= ratio factor, the shearing
also tends to rise to about 0°C. The force which brings about the
concrete is thus in a plastified state unit displacement.
with no stress produced. This stage is
regarded as the initial state of the In accordance with the equilibrium equa-
inner and outer linings. tionZ.= O we obtain

The temperature of the inner lining
starts decreasing gradually, whereas Nt dp- i r2)
that of the outer lining starts increas- doom tTd---O
ing gradually, causing therefore an in- A-6.
crement of modulus of elasticity, which - H (3)
results in restraint stress through de-
formation difference. The steady tem- For horizontal displacement
perature during the eventual thawing is

supposedly to be approximately 10
0 C, in U U U T (4)

which case the temperature fall !Lffer-

ence (400-100 C) of the inner lining would Assuming
be 300 C, while the temperature rise (0o

-  (5)

10°C) of the outer lining would be 10
0 C.

Thus the inner lining is subject to an t3 a a-O (6)

axial pull and the outer 
lining to an

axial compress due to he mutual re- the general solution of the above differ-
straint. The restraint pulling defor- ential equation would be:
mation exerted on the inner lining ex-
ceeds the latter's pull limit, bringing U=A + Bsh C
about thereby the circular-shaped frac-
ture of regular pattern. Boundary conditions of definite integral

constants:
2-2 Establishing of Temperature Stress (central displacement - 0,

Ordinal Differential Equations stress at two ends 0)

The contracting deformation of the )C-O o O sho c , A =0
inner lining being subject to the re- L
straint of the outer lining, a shearlig , X . 6 =O

CT(v

29, 0 
-

40 T0 0

1:Wf t " n46 n 41nes Of inneya 4 2f !3, c2 . lla~to Dikram of Stves.
outev
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Er d Q. d T U -IT aas,4~% c 1(T1 16FX I1_TI ( F)

5= oqT The above equation is established
Iat a time when the maximum stress just

reaches the tensile strength and
Thus we have the formula for displacement there appears no breaking. If, however,
U: the maximum stress exceeds slightly the

(displacement at ends u, maximum tensile strength, breaking will occur,
horizontal stress, shearing stress) the minimum space being

aT L lmnl -4- LsMA.X
6 / d The following formula for the aver-

ckh@3-. "age space of the cracks is thus obtained:

P CA PLI rL- (l1)

x=o 6,= =-EaLT(- ) '5 In calculating the maximum tempera-
ture stress and taking into consideration

the variation of modulus of elasticity

Fracture is found at the central (E(t)) and that of the relaxation factor
part where stress is maximum, causing it (M(t)), the temperature fall is divided
therefore to break into two sections, if into several stages AT, the final stress
it should go beyond the tensile strength; should then be:
in addition, for each section there will
be stress distribution of its own. The EX ~t ,A (l- Ht) (S)
maximum stress is still retained at the M ).
central part but to a lesser degree, be- The displacement of one end of the
cause the length has been reduced by 50%. cracked section is determined by the
However, each of these two sections would above formula:
in turn break into two subsections, * .
should the stress exceed its tensile U cT_ Thp

strength, and would continue breaking un- 
- L

til the stress at the central part be- - T Th. C- 19,
comes less than the tensile strength.
This is what we called 'mechanism of The width of the crack W is the sum
again-and-again-breaking from the central of the displacement at the two ends:
part.'

And when this horizontal stresse w =zU (20)
reaches the ultimate tensile strength,
the pulling deformation of the concrete 3. Application of Water Preventive
reaches correspondingly its ultimate: Shaft Lining in the Two-Huai Mining

Districts
.=R , E =Ep R E "F The characteristics of the newly de-

under which circumstances L is calculated signed water preventive shaft lining based
on the 'sliding layer theory' are as

as the maximum space of the expansion follows:
cracks: a) Polyethylene sheet in 2-1 layers

L - (S) of 1.0-1.5 mm thickness is incorporated
JCe( T. in between the inner and outer linings

For the fraction appearing in Equa- as the sliding layer of the inner lining.
Fior12, the ftioaperig idefo a-n b) Lime rocks or precast concrete

tion 12, the ultimate stress deformation blocks (400 mm thick) are employed for
is negative (compress deformation) if the outer lining and gyouting of cement

is positive (rise of temperature); and is sludge is effected in order to resist
positive (tensile deformation) if T is

_ "any radial displacement of the frozen
negative (fall of temperature or contrac- .aozen
tion). The signs of the two terms in the c) On building up the outer lining,

denomc)aOnrbaildingaup thefouter liningh
denominator are always different to each cracks resulting from squeezing as well as
other. Equation 12 may be expressed in strip-offs are found in individual wall
terms of absolute value for clear and
convenience sake: sections, which causes an unevenness on
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A*ae0of theA 1. much as that of the polyethylene sheet
YOZ& -I MO, !Yey. type, is being developed at the Two-Huai

tome. ~ mining district. Research work is alsolame /for Of. being carried out on concrete and its
.4 additives with such properties as high

strength, water seepage resistance and
low contraction rate.
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Table 1. Water-sealing effect of ten shafts where the new
type watersealing linings are employed.

Number of
polyethylene Depth laid Watersealing

Name of shafts sliding layers Joint by (m) effect

no cracks or
Haizi main shaft I adhesive 93-279.6 leakage found
Halzi auxillary shaft 1 adhesive 122-278.7 ditto
Haizi central'air shaft 1 adhesive 123.3-279.3 ditto
Haizi west air shaft 1 adhesive 123.9-295.9 ditto
Panji No. 2 auxillary 2 outer layer by nail 81-216 ditto
shaft inner by adhesive
Panji No. 2 west 2 ditto 97-318 ditto
air shaft
Panji No. 2 south 2 ditto 7-314 ditto
air shaft

Panji No. 3 main shaft 2 ditto 95.2-230.7 ditto
Panji No. 3 auxiliary 2 ditto 50-261 ditto
shaft
Panji central air shaft 1 without adhesive 17.7-196.6 ditto
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FIELD STUDY OF INSTRUMENTED GULLIES AND
MANHOLES IN FROST-SUSCEPTIBLE SOILS

Sven Knutsson University of
LuleA

In Scandinavia, a lot of manholes INTRODUCTION
and gullies, designed for the drainage
of rain water, get damaged during winter Gullies and manholes made of
due to frost action mainly because of concrete rings are often damaged due to
the heave of frost susceptible backfill, frost action, when the surrounding
The concrete riigs are pulled apart and backfill consists of frost-susceptible
the joints betweL's the rings are opened. soil. During frost heave, the concrete
Wher thawing sta'ts, water and soil flows rings are pulled apart and the joints
into the gullies through the opened between the rings get opened. When
joints and the iaflowing material thawing takes place, soil flows into
prevents the ,inrs to return to their the gully through the opened joints,
original positions. When thawing has Fig. 1. This results in:
taken place, the gullies still remain W loss of material outside the
in an uplifted position, with the covers gullies, giving rise to large
above the pavement. They are then out of settlements
function and are easily damaged in the U inability for the lifted rings
course of ordinary road maintenance. The to go back to their initial
repair cost i considerable, position, resulting in a perma-

In order to study the behaviour of nent heave.
manholes and gullies with and without a
newly invented rubber sleeve mounted over
the joints, a field test was performed SUMMER WINTER SUMMER

during the winiter 1980/81 in Lulea,
Sweden. It concerned 11 gullies, 3 of
which were constructed in a conventional AVE

way and 8 with -ubber sleeves. They were
all located in highly frost susceptible

soils and were exposed to frost heave. 0
The paper describes the instrumen- 0 _

tation installed as well as the results
obtained. The growth of the frost bulb -
around the gullies, as well as movements -h--' --- - r -'
in these and in the surrounding soil
'Ire eported. The results of the full
scale tests have shown that the new Fig. 1. Manhole placed in frost suscep-
rubber sleeve almost completely prevents tible soil
damage of the gullies. The study has
yielded a better understanding of frostheavng n ad aoun suc costrctins.The problem can usually not be
heaving in and around such constructions. solved by surrounding the construction

with non frost-susceptible sand. However,
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Figure 2 removed at author's request.

the problem can be larjely eliminated by FREEZING INDEX
use of rubber sleeves. The sleeves are
placed over each joint and thus it gives The successive growth of the freez-
the different parts of the gully movabil- ing index in Lule! during the winter
ity during the frost heave. During thaw 1980/81 is shown in Figure 3.
the sleeves prevent soil to flow into the It can be seen that freezing started

gully and consequently the rings can go in mid-October, which is about two weeks
back to their original position, earlier than normal. In the beginning of

To study the efficiency of this rub- November freezing became more intense
ber sleeve, a full-scale field test con- and the rate of increase of the freezing
cerning 11 gullies was conducted in the index is fairly constant until the end
winter of 1980/81. 8 of them had the of January 1981, when the growth almost
new rubber sleeve while 3 were built in ceases. This period was extremely warm
the conventional way. with above-zero temperatures for two

days. The maximum daily mean air temper-
1) The sleeve was invented by Mr. Thord ature during this week was as high as
Engstrom, Lulel, Sweden. +6.6*C.
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-C. INSTRUMENTATION AND SOIL CONDITIONS

c F
-Each gully was instrumented to yield

F information of:

__ the movements of the concrete
rings during the freezing and

O 1e _____ thawing periods

75 - the vertical movements in the

5surrounding frost-susceptible soil
60 - the temperature situation in the

soil surrounding the gully.

20-

Most of the gullies studied con-

0 1 sisted of three concrete rings, I m in

li '1 1 14 ' 1 4 height and 0.4 m in diameter. During con-
Vl struction, 3 bench marks were installed

in each of the three concrete rings in

order to detect tilting during heave and

Fig. 3. The successive growth of the thaw. In addition to this a bench mark
freezing index in Luleg, was mounted on the iron top cover of
1980/81. F2 represents the each gully.

median value and Flo the frost In order to study vertical displace-

index which is exceeded one ments in the surrounding frost-suscep-

year out of ten, in the statis- tible backfill, three bench marks were
tical sense. installed at different depths (0.1, 0.6

and 1.1 m) below the ground surface,
Fig. 4. Each bench mark consisted of a

base plate (0.20 m x 0.20 m) connected

to a vertical rod which was surrounded

by a casing. The space between the rod

and the casing was filled with grease
to guarantee the mobility of the rod
during the winter.

A BC D E F

BENCH MARK
1- -SAND

FROST
SUSCEP-

3 - TIBLE BACKFILL

Fig. 4. Instrumentation of a gully.
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The soil temperatures were measured It is obvious from this figure, that
by means of thermocouples. These were the frost penetration is onsiderably
placed vertically at a distance of 0.33m larger in sections C and D, close to the
in f, sections, Fig. 4. In this way the gully, than in qections A and B. This is

temperature distribution, both vertically most obvious in December and January,

and radially, was obtained at each time when the frost penetration in section
the temperatures were read. D is 2,15 itimes larger than in section

Temperature and displacement were A. This difference is >:plained by
observed at a time interval of about 12 ventilation effects in the ducts, re-
days during wintertime and of about 7 sulting in an inflow of cold air in some
days during spring, gullies and outflow of warm air from

Fig. 5 shows the grain size dis- other£ Consequently, a reduced frost

tribution curves for the frost-suscep- penetration is observed close to some of

tible soil as well as the corresponding the gullies. As soon as the perforated
curve for the sand backfill adjacent to top is covered with snow and ice, the
the gully. During construction, this ventilation ceases and this is noted as
sand was compacted to an average degree a reduced frost penetration in section

of compaction of 89%. D. Maximum frost penetration was observed
in the end of March. In sections A and B
the ob4;erved penetration depth agrees

-0- reasonably well with the expected depth

calculated by use of the conventional

theory for one-dimensional freezing

75 from the ground surface. Ilowever, in the

FINER sand (svctions C and D) it is overesti-
THAN A mated since tihe influence of radial heat

%o 1 inflow fom the surroundings is neglected.
When thaw started in the beginning

of April, the frost penetration in sec-

2- tion D was reduced very quickly. In the
other sections it was reduced more slowly,
which illustrates the influence of radial

0 heat flow fron the gully. This heat flow
0002 0.02 0.06 0,2 0.6 2 is mainly caused by melting water, which

SILT SAND flows along the inside of the gully. The
radial thaw is very sensitive to changes

in the air temperatures. The last 10 days
Fig. 5. Grain size distribution curves, of April were cold, air temperature was

Curve A represents the sand well below the freezing point, and this

surrounding the gully. B repre- immediately increased the frost penetra-

sents the frost-susceptible tion depth. In the beginning of May,
soils used in the study, when the thawing index amounted to

3.7 ' 106 degree seconds C, the inmedi-
ate vicinity of the gully was thawed,

RESULTS AND DISCUSSION while the fine-grained backfill was

still frozen. In this material thaw was
The instrumented gullies behave not completed until mid June, which is

similarly during winter heave and thaw in accordance with the theory of one-

settlement. Differences are explained by dimensional thaw.
different soil and groundwater conditions
as well as minor differences in design Frost heave
and construction. The main outcome of
the field study will be reported here. Fig. 7 shows the heave in the frost-

susceptible backfill at three different
Temperatures and frost depth depths. The frost heave due to the ex-

pansion of the pore water is marked as

The frost penetration has been well. The difference between the total
derived from the temperature readings. heave and this heave is caused by ice
It is interpreted as the 0°C-isotherm lensing.

here. For the gully shown in Fig. 4 the

frost penetration changes with time as

shown in Fig. 6.
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In Fig. 8 the relative expansions be'low the lower level of respective
of each of the two layers (0.1-0.6 mn and conc-rete ring. it should be noted, that
0.6-1.1 mn) are shown as a function of the heaving of the concrete rings in
time. From this figure it is obvious that the gully started later and was not as
the largest expansion due to ice lensing large as the heave in the surrounding
took place in the upper layer. This soil. The lower ring (1.95-2.65 mn below
supports the idea of ice-lensing within the ground surface) was unaffected of
already frozen soil (Miller, Williams, the frost heaving, even though the frost
Penner). Since the ice-lensing in the penetration depth was as deep as 2.4 mn.
shallow layer is larger than in deeper This means, that the friction between
situated and therefore warmer layers, the unfrozen soil and this ring was high
the total stress as well as the tempera- enough to prevent heave.
ture on the cold side seems to influence
the growth of the ice lenses (cf. Penner
1977, 1978).

10
*0,1- 0,6 M BELOW GROUND LEVEL

* 0,6 -1,1 M

5 TOTAL~..._ _

~ ----- AD-

PORE WATER
0-

io 11 12 1 2 3 4 5

1981

Fig. 8. Volume expansion in the two layers 0.1-0.6 mn and 0.6-1.1 in.

The broken line shows the expansion due to freezing of the
in-situ pore water.

The increasing rate of ice lensing The tests have showed that a layer
in the upper layer in February is ex- of non frost-susceptible soil (sand)
plained by the extremely warm period in around a construct ion placed in highly
the end of January which was followed by frost susceptible soil does not prevent
a cold period. During the warm period, heaving of the construction unless the
a lot of snow melted causing excess water content is so low or the tempera-
water, which could percolate into the tures in the frozen sand are so high
freezing soil. When the air temperatures that the frozen sand can be sheared off
turned negative again, this water was when the surrounding soil heaves. This
frozen and consequently the rate of ice is normally not the case and therefore
lensing increased, the heaving in the surrounding soil is

Fig. 9 shows the movements of the transmitted through the frozen sand to
different parts of a gully provided with the gully.
rubber sleeves. It can he seen that the Since the amount of heave in the
top cover (0-0.4 mn) as well as the two frost-susceptible soil is different at
upper rings (0.4-1.05 mn and 1.05-1.95 in) different depths, the frozen sand
began to heave at about the same time, column will usually be teared off. The
i.e. the end of November. At this time openings which are thus formed will be
the frost depth was already 2.1 in in filled with water which turns into ice
section D (Fig. 6) and consequently well which produce "ice lenses" in the coarse

372



6Qo

HEAVE
(nun) LEGEND

40.o A-- - GULLY COVER

UPPER RING
.... MIDDLE RING
-o LOWER RING

II

,.o... ..

1 %2 Y4
1981

Fig. 9. Heave and thaw due to frost action in a gully with the new rubber sleeve.
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Fi-A,. 10. Heave due to frost action in a conventionally constructed gully.
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backfill as well. When thawing starts,
the thawing front progresses both from
the surface and radially from the gully.
When the frozen sand thaws, its excess
content of ice produces a high pore
water pressure which reduces the effective
stresses and thereby also the friction

between the thawed sand and the concrete
ring in the gully. This low friction
explains the rapid settlement of the up-

lifted parts of the gully already a few

days after the start of thaw, Fig. 9.

Within 5 weeks after the onset of thaw,
all parts of the gully have returned to
their original position. Fig. 10 shows

the corresponding heave of a gully con-
structed in a conventional way. This

gully remains uplifted about 60 mm when
thaw is finished. After one or two addi-
tional freezing cycles this gully has to
be repaired.
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STRENGTH DEVELOPMENT OF CONCRETE PLACED
IN FROZEN SOIL AND THE THERMAL FFFECTS

Yang Yuji
(Engineer, Heilongjiang Provincial Low Temperature

Construction Science Research Institute)

Abstract gain of concrete only relies on the
initial temperature and the limited

When concrete is placed in frozen hydration heat of cement itself. Once
soil, it will be at negative tempera- the temperature inside concrete de-
tures in a short time, hydration stops, creases under OC, no strength can be
and strength develops alowly, and gained. It is found in practice that
reaches 50( of its design strength the final strength of concrete placed
only. in frozen soil is only up to 506 -,f

This paper describes a complex the design strength.
admixture (Naaoz- NaiSo#) which can Along with the development of
make concrete placed in frozen soil construction in China, and in order
to reach its design -trength. A lot of to satisfy the requirement of cons-
testing data, which were adopted in truction in the frozen district and
some projects, are given in the paper, the construction of vertical shaft,

In addition, this paper describes we have to carry out concreting in
the thermal effect of hydration heat frozen soil and the concrete placed
of cement on frozen soil surrounding most be guaranteed to have sufficient
the concrete placed. The thermal strength in a given period to subject
effect in frozen soil (range of ther- external loads. At the same time, it
mal effect, thawinp depth and freez- is required that the structure of fro-
ing-interval) was measured for con- zen soil should not be destroyed by
crete with heated aggregates and un- concreting; so that construction can
heated aggregates. Recommendations be carried on normally. In order to
for use of such ad-ixture are given in fulfil this purpose, we adopt the
the paper. technique of"negative temperature

concreting" based on test results.
The first problem encountered in

concreting in frozen soil is to main- HARDENING MECHANISM OF CEMENT WITH
tain the hydration process of cement COMPLEX ADMIXTURE NaNo- Na2 So4
at negative temperature, so that the
design strength of concrete will be 1. Anti-freezing mechanism
obtained. Hydration rate of cement
depends on temperature essentially. Anti-freezin, effect is obtained
At low temperature, hydration rate Qf by addin, some electrolytes in the
cement will retard, or gradually stop mixing water to reduce the saturated
wnen temperature becomes negative, vapor pressure and the freezing point
When concreting is performed in frozen of the solution. Temperature at
soil, temperature inside concrete de- which ice is segregated from the
creases rapidly and balances with the solution (freezing point) is propor-
surrounding temperature due to the tional to the concentration of the
effect, -) the frozen soil. Stringth solution. Electrolytes frequently
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used are as follows (Tab. 1)

Tab.1 Electrolytes frequently used as adnixtures

Concentration% (No. of -r. of unhydrated which solid

$ material in lOOgrof water) phase is segre-gated from

solution
2 4 10 15 20 25 30 7 9 *j i

NaCl 1-1.2 -2.4 -3.5 MO6. -9.3 -12.7 -16.i -21.113. 1-22CaClz -0 . -1.9 -. 9 -3.9 -. 0 -8.5 -12.6 -17.2i-2U 2. 7  -52.6____ o0.i-2.Z~Z ~ i
K2 Cop -0. 6 1.3 i -2.0 -. - .2 1-Z.0 -. - . 11 _ -112

SNNo 2  -0.9 -1.6'. -2.7 -3.6 -4.5 1 -6.0 -6.9 - 7 : 61. 1 -19.6

It is shown from Tab.1 that the do harm to the structure of concrete,
effect of chlorides to reduce freez- in contrast, it will improve the den-
ing point is most obvious. But sity of concrete.
owing to the corrosive action of chlo-
rides to reinforcement, great care TEST RESULTS
must be taken for the use of such
admixtures in reinforced concrete By adding both anti-freezer and
structures. Based on the construction accelerator, strength gain of concrete
condition in China and a lot of test will be obtained in the negative tem-
results, NaNo2 is chosen as an anti- perature condition. Appropriate
freezing agent to reduce the "reezing quantity of complex admixture added
point of the mixing water,so that will decrease the freezing point of
liquid phase in hardening concrete concrete to -8*C. Tests were per-
will be proved, formed in the temperature of -9*--411C.

Materials used in tests:
2. Accelerating mechanism Cement - 500# ordinary Portland

cement.
Existence of liquid phase in con- Coarse aggregate - gravel,0.5-3cm.

crete only keeps concrete not to be Fine aggregate - medium sand.
frozen at a certain range of negative Design strength of concrete (mark)-
temperature. But, if strength gain 400kg/cm' , 200kg/cm'.
is required, accelerators, such as Development of concrete strength is
Na2 So4 , should also be added to acce- shown in Tab. 2.
lerate the hardening of cement. It is shown from the Tabb2 that,

Adding in the mixing water when if appropriate quantity of admixture
concreting, NagSo* reacts with C9A in is added, concrete strength continues
the cement clinker minerals and Ca(OHI to develop in the temperature of -9q--

in the hydrated product, form- -110C. If concrete specimens are
ing calcium sulphate and C3 AS. At the buried in frozen soil of -100C,
same time, NaaSoc can increase the strength gain will be better o*ing
solubility of CaO, accelerate the to the constant surrounding tempe-
hydration of CjS, and in turn, its rature and interruption of water
product Na0H can also increase the evaporation in concrete.
solubility of CaSO4 -'2H20 and C3 A, In order to satisfy the need of
forming C3AS , thus making the hydra- underground construction, tests had
tion reaction of cement clinker mine- been carried out for concrete with
rals continue and complete. large slump. The same above effect

Products of calcium sulphate and is obtained (Tab.3).
C3 AS in the reaction occurs in the
beginning of the establishr.ent of ce- APPLICATION IN THE PRACTICAL CONSTRUC-
meat-water system. At that time, the TION
system is in a colloidal and plastic
state and the structure of which has In order to testify the effect
the property of triger deformability of winter concreting mentioned above
and rno intermal stress will exist. in the practice,we selected a peren-
Even though there is internal stress, nially frozen district for field test,
it will be very small, and does not the temperature of the ground in the
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district was -10C and -5*C. In the of initial temperature of concrete on
-5*C frozen soil, concreting was per- the temperature of the surrounding
formed for two piles of different Ii- frozen soil and to observe the deve-
ameters. One of the piles was 30cm. lopment of hydration heat, concrete
in diameter and Im. in length. Con- was mixed with heated aggregates and
crete was placed down to 1-2n beneath unheated aggregates respectively. The
ground surface. Temperature in ground above effect is shown in Fig.l,2,3
was -2--4*C. Concrete was mixed with for concrete mix with unheated aggre-
heated aggregates and unheated aggre- gates, and in Fig. 4,5,6, for concrete
:ates respectively. Initial tempera- mix with heated aggregates.
ture of the former was 16 -31*C and (1) For pile of 80cm. diameter, no
that of the latter was -1 -+2 C. The matter what kind of concrete mix used,
other pile was 26cm. in diameter, 5.5 max. temuerature can reach within 2
m. in length; temperature of ground days ( 1-2*C), radius of molten
was about -5eC; concrete was mixed soil reaches 20cm. (Fig.2 and Fig.5).
with heated aggregates. About 7 days after, iso-thermal con-

Owing to the difference of ,,round tours of OC appears at the edge of
temperature, different amounts of anti- the pile (Fig. 3,6). After placing,
freezer (NaNo2 ) were added. Concrete range of effect of hydratio)n heat in
mix proportions and amount of admix- concrete on the surrounding frozen
ture were as follows (Amount of admix- soil can be 1m. aporoximately. Time
ture added was represented as percen- at which the tempJerature in the core
tage of water weight for NaNo2 , and of of the pile decreases to OC is about
cement weight for other adaiixtures): IJ days for concrete with unheated
Concrete mix: 0.5:1:2.1:3.25 for the appregates and 17 days for concrete

large pile with heated aggregates.
0.6:1:2.4:3.8 for the (2) For pile of 26 cm. diameter, the
small pile effect of outdoor temperature is very

Amount of admixtures: NaNo*4%+N4Q small owing to adopt drilling machine
34 + C6 15 03 N D.O3Y. for -3*C(larger ior excavation. Although diameter of

pile) the pile is rather small, yet thermal

Na oz .A - NJ N S c)43- % w H,0-N 0"03% effect is more abvious oecause heatedfor -6"C (smaller pile) aggregates were used in ixing. Ter-

Description of construction: perature in concrete decreases rapid-

(1) For the larger pile, Frozen soil ly to negative owing to the tempera-

was excavated by labor. At the time ture of the underneath layer is too

of excavation, 10cm. of soil under low, so its effect on the surrounding

ground surface had frozen, beneath the foil is also small. Faraway about

depth of 10cm. was the unfrozen layer, 20cm. from the wall of the bore, tem-
further beneath was layer, ice content perature of soil is 00C, and that at

of which was aiove 60. Total exca- the wall is 0.5*C (Fi&.7). After 46

vation depti. was 2m. under ground sur- hr., temperature at the bore wall

face. ConcretinV was done only up to becomes 0C (Fig.8). 5 days later,

1m. of depth. After compacting, con- temperatures in the interior of con-

crete placed was covered with straws crete decrease under OC basically,
for isolation and filled with frozen and on the 7th day, approaches thatsoil up to ground surface, of frozen soil gradually (Fig.9).

(2) For the small pile, excavation Range of effect of concrete tempera-

was performed by drilling machine. ture on surrounding frozen soil is

Diameter and depth of the hole drilled about 1m., but the denth of molten

were checked afterward, and then con- soil is not obvious.

crete iiix was placed. In order to (3) Test of concrete strength.

guarantee the quality of pile, impact 3trength test si-ecimens were made in

was applied at the same time during wooden moulds and at the same time

drilling, then vibro-comoacting was with the testing pile. After mould-

achieved. 'he measurement data Cn the ing, specimens were buried in a

practice are given in Tab. 4. cuiing pit in situ, over which fro-
zen soil was filled up to the ground

:iGA1JE OF THE TH>RXAL EFFECT AND surface. Temperature in the pit was

jTRENITH TEST OF Cu11CRZTE ?LACD IN about -39C at the beginning, but gra-

FRO():iZ SOIL dually decreased along with outdoor
temperature. Strength of specimens

Tn )rder to compare the effect at different ages is shown in Tab.5.
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It is seen from tests that, occur.
Decause initial temperature of the (2) For the case of the small pile,

concrete mix is higher than that of hydration heat can hardly maintain

frozen soil and heat releases from because of its small diameter. Though
the hydration process of cement, tem- this is not beneficial to the strength
perature in the interior of concrete development of concrete, yet it is
increases to 7.40 C, 7 hr. after plac- beneficial to the surrounding frozen
ing, although concrete is mixed with soil. So, if the lowest temperature
unheated aggregate, especially in the of frozen soil during construction is
case of the large pile. Later on, considered, at the same time appro-
although temperature of concrete priate quantity of anti-freezer(NaNO 2 )
decreases continually, yet there is is added in the concrete mix, strength

an interval of 7 days in which tem- development of concrete can be proved.
perature of concrete remains above (3) The reason why concrete with
OOC. This fact is very advantageous anti-freezer ;laced in frozen soil
for the strength gain in the pile. gains strength in negative temperature
It is shown from Tab.5 that, owing to is that anti-freezer lowers the freez-
the stable ground temperature and ing point of concrete mix. Therefore,
slow transmission of heat in the pile, in the selection of amount of anti-
strength of core specimens taken from freezer, it is important to consider
the large and the small piles reaches the actual lowest temperature of fro-
or exceeds the design strength (200 zen soil and variation of outdoor
kg/cm 2 ) in 7 months under appropriate temperature during period of construc-
amount of admixture, but strength of tion. If outdoor temperature and ter-
test cubes (10 cm.) at the 7-month perature of frozen soil is lower than
age is lower than that of core speci- the design temperature, anti-freezing
men because they have smaller vol. or isolation measures should be taken
and quicker transmission of heat. or quantity of NaNoz added in conc'ete
Furthermore, outdoor temeprature gra- mix should be increased in order to
dually decreases daily, temperature avoid freezing.

of the surrounding soil has fallen

below the expected temperature (-50C).

COMMENTS ON THE APPLICATION OF "NEGA-
TIVE TEMPERATURE" CONCRETE IN FROZEN
SOIL

(1) From concrete placed in the fro-
zen soil,it is shown that temperature

in concrete keeps above OOC for a

considerable long period owing to the
initial positive temperature of the
mix and the hydration heat and it is
beneficial for the strength gain. But,
if the initial temperature of concrete

mix is too high, and the structural

member to be concreted is too massive,
the hydration heat generated in con-
crete is also high, so it will cause
the temperature of the surrounding
frozen soil increase rapidly and melt.
Thus, it is not beneficial for the
construction performed continuously
on the frozen soil. Therefore, ini-
tial temperature of the mix should be
about OOC and the mix should have a
certain workability. If this can be
done, heating of aggregates may be
avoided and the adverse consequence

produced by the higher hydration heat

can be overcome; thawing depth of fro-
zen soil can be reduced and no damage

to the structure of frozen soil will
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Tab.2 Development of concrete strength in -100C

'"ark of concrete Cement Admixture and (1) Curing
, Mix Content its quantity Condition

_________ kg/ m3  Na!NO, NazS04 C6H,g0.aN _______, 400

1:1.29:3.18 425 - - - 20

2 13.3 3 0.03 10

S3 ",. , " " - 10
"(buri'ed ;. 01)

4 2"0 20
0.6:1:2.2:4.72 26 - - -

5 i 1 13.3 3 0.03 10

___. _L_ C om pre ss iv e S tren thn

R3 R7 R&I Rza Rmon I Ramon+ymp. Rtyr. Rayr.I- 2 21 . L71 36 325, 4.3 411 4o
730 100 1eo 100 100 1o 10 10

2 20 237.1 23
671 72.2 8

225.3 2 1 66

71.6 7 3 0 90.2

1 100 100i 100 77 7 10012.0 1600 100

Note: 1.,uantity of admixture: Y. of wt. of mixing water for NaNqe
Y4of wt. of cement for other admixtures

2.Numerators are the actual strength; Denominators are percentages of
concrete strength with no admixture.

Tau.3 Development of concrete strength with large slump in negative
temperature

, Amount off Admixture and Curing

10. Mix. cement its quantity (I) ConditionoC
k /m-3 NaNlO aNaSO4 IC&HdOaN cm.1 0.55:1:1.2:2.8 440o - i -g ' 15 1

2 0.4:1:1.2:2.3 t, 2 16 .0 - 1 i
-it- l2 1 20

4 0.5:1:1.2:2.8 440- - 1 1
5 o.46:1:1.2:2.8 It 8.7 3 0 - 21

7 ob77:1:1.34:2.02 500 -- .- 81
-0.46:1:134-2.02 , 2.2 2 0.0 - 13

~1O.4 :124-2.40 ti it...... " R N -1

No Compressive strenath _kR/_c _

i  R R7 'RI . R Ramon. Ryr." R

S 2 1 _28 33
2 102 226 16 309 394

66 12 21T8 264 4361 137 1 'L26o
5 3 34 17 211 1o )

__22 .,__14 209 , ,422 427
i '3 2 , 20 2F4

1,)5. f295 313
Note: (1) %uf wt. of mixing water for Na iO2 andY of wt. of ce"ment for

other admixtures.
(2) t'NO water reducing agent.
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Tab.4 Measurement data during pile concreting

Outdoor Temperature of material Initial

Type o p temperature & solution of admixture tem. of Vo l. i Remark
Tpofpesduring con- Ce- Sand IAggre-I So- concrete wt

structionC ment ate lution mixc C1 "  " _5°. i  26hot
;J26cm. L=5_M 7 1 13 u 6-20 10- mixing

, cold
40SOcm. L=1:rM -10 1 j I 20 25* -1- 2 17-20 23101 mixin:Z :

1°cm Z1..0 4-1 --l0. -1 "  -0" 1--ho-t |
-1 80 2 16-3 16-20,2310 mixinj

Note: temperature of the bottom of the cave: -5*C for *26cm pile;
-4.8--5.40C for 080cm pile,
-4---50C for4)80cm pile.

Tab.5 Strength of the piles and test cubes

Mk o Amount )f 51 Admixture & its Coio. Strengt
No Item cement quantity (1) kg/c-"?(2)200 k./m .cm NaNlOI NaAS04 C 6RIONR __ R_ Rwmon
O 0 0 3 00.6 : 1 :2 .4 : 3.8 - 7 0,.-7 -200 Q . 207
26 4 26 200 300 10 3.3 3 0.03-' - 1--. 2

200 350 17 4 3 003 - 1.
0 5:1:2.1:3.2 '- -' 136

Note: (1) Juantities of admixture: %of wt. of mixing water for NaNC2;
%of wt. of cement for other admixtures.

(2) Denominators are strength of 10Y10"10cm specimenu buried in frozen
soil ;

Numerators are strength of core specimeno taken from ?iles.

1 .2 ho. w 1W , rs.I a ,i e -. rilm

filled .. h rouse ll " -

0.6 ', !oI -

-4. 1.0

.0

;.10 

I.0

- * I

Fig.1 Therial effect of o:old mixing Fig.2 Ther'al effect of cold mixing
on frozen soil (7hru z.fter on frozen ;ojl (47hrs after
mixing for 480-1 9ile). concreting for+80-1 oile).
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Fig.3 Thermal effect of cold mixing on - Fig.4 Thermal effect of :1iYing with
frozen soil (7days after con- heated aggregates on frozen
oreting for 480-1 pile), soil (7hrs after concreting

for' 0 -2 pile).

0.4 0.2 o 0.4 0.6 0.9 1.2 ,
i , I' ! Ihake for mneenrinve Scrm-.itu

fit. V "0,- -4 . ' 
, 

1
' 

. .... .; 0. .......
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Sol 1 1

0.? I We, f o "

0. ?1.r 0 0 0:~ w~h., '.

1.6
a I

2.0 '

2. t2.1 I -- * -4

Fig.5 Thernal effect of mixing with Fig.6 Thermal effect of mixing with
heated aggregates oil frozen - heated ag~wregates on frozen
soil (4 1.5hrs after concreting soil (7 days after concreting
for ('O-2 pile). for 080-2 pile).
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CONSTRUCTION OF TWO SHORT TUNNELS
USING ARTIFICIAL GROUND FREEZING

John S. Harris Foraky Limited, Contractors England
E. Hugh Norie Mott, Ha & Anderson, Consultants England

ABSTRACT INTRODUCTION

As part of a pipeline upgrading Two major aqueducts supplying water
scheme, a short length of new tunnel was to the Merseyside region of England are
required between two existing shafts carried in tunnel beneath the Manchester
each lying close to a water course - Ship Canal and the River Mersey at a
a river estuary and a sea-going canal. point where the two waterways are less

than 50 metres apart, separated by a
Horizontal freeze tubes were strip of land known as No-Man's Land.

drilled into place toward each old shaft The First Crossing of the canal and
from a new larger diameter shaft sunk at river, completed in the 18.9'e. comprises
the mid point. Following refrigeration a tunnel under the canal and a separate
by an ammonia-brine system the tunnels tunnel under the river. Water was
were advanced by hand excavation and carried through the tunnels in pipe-
lined with bolted concrete segments. lines; these were broucjht to the surface

at No-Man's Land via shafts, and carried
The freeze tube drilling toward across it at surface level. A second

the canal shaft encountered a consistent crossing of the canal and river was built
timber obstruction just short of their in the present century.
intended length. As this could not be
penetrated with the drilling method in By the mid 1970's, the three

use some vertical freeze tubes were rivetted wrought steel pipelines of
installed to seal the end of the horiz- the First Crossing were reaching the
ontal ice-cylinder, end of their safe life. At this time,

the Second Crossing was just able to
This allowed tunnelling to start carry the total demand of both crossings,

while further short horizontal freeze- allowing the First Crossing to be taken
tubes. were installed from the old shaft temporarily out of commission. This
until they too reached the obstruction. made it feasible to consider replacing
By refrigerating this section with liquid all of the First Crossing pipelines at
nitrogen a lengthy delay was avoided. the same time. Following detailed

studies, the decision was made to take
The method of drilling and placing advantage of this situation to replace

horizontal freeze-tubes below the ground the First Crossing pipelines with a
water table in alluvial soils, with a single, large diameter pressure lining.
minimum of ground disturbance and loss A pressure lining was designed, just
is described. smaller than the internal diameter of

the existing tunnels, to be grouted in
Records of movements are given, to form an integral structure with them.

383



This will give a very large increase in CHOICE OF CONSTRUCTION METHOD
capacity to the crossing as well as
providing a system with minimal future The ground conditions at No-Man's
maintenance. Land posed various difficulties for

tunnelling. The most critical factors

An integral part of the pressure affecting the eventual choice of con-
lining scheme was the connection of struction method were firstly the need
the two existing tunnels of the First to maintain safe working conditions at
Crossing with a new low-level tunnel all times, and secondly the ensure the
across No-Man's land. This would allow integrity of the canal bank. Any sig-
the pressure lining to be made con- nificant ground disturbances could
tinuous throughout the crossing, have resulted, in particular in the
resulting in minimum head losses and loose sands, in a dangerous increase in
maximum capacity. hydraulic gradient at critical locations

through No-Man's Land, with the risk of
Ground conditions at No-Man's Land a consequential failure by piping

comprise lenticular alluvial deposits, between the canal and the river.
including very soft to soft clays, soft
clayey silts and peat, to a depth Initial consideration was given
varying between 12 and 15 metres. to constructing the connecting tunnel
These deposits overlie loose to medium by cut-and-cover, but this alternative
dense sands and gravels. The gravels was rejected,firstly on grounds of
are underlain by stiff boulder clay, costs, influenced particularly by the
followed by weathered sand stone. The very high ground pressures immediately
new tunnel, with an axis level approx. above the sands, and secondly, because
14 metres below ground level, would lie the risk of hydraulic interconnection
partly in the alluvial deposits and between the canal and river was sig .f-
partly in the -,ands and gravels. The icantly higher than would have been the
water table is on average about 3 metres case with bored tunnelling. Various
below ground level, and is governed in bored tunnel alternatives were examined.
the main by water level in the canal, These included compressed air tunnelling,
although there is some influence from the use of injection techniques and the
tidal variations in the river. At low use of ground freezing. For the short
tide, the head difference between the length of tunnel involved, the use of
canal and the river is approx. 4 metres. a tunnel shield would have been un-
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Figure 1. Longituainal section through tunneling work,
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economic, and the methods examined were able length for drilling for the instal-
intended to avoid the need for a shield. lation of freeze tubes. A greater length

of drilling could have created difficulties
For the clays, silts and peat in the with drill stem deflection in the gravels

upper part of the tunnel, ground injec- of the tunnels.
tion using any of the available systems
would at best have been partially It was recognised that the success
effective, and was not considered to be of the work would depend on careful
reliable for either ground or ground- control of the ground surrounding the
water control. Compressed air working tunnel during thawing. Multiple stage
was rejected because of the risk that backgrouting of the tunnel lining was
a major loss of air could occur in the called for during the thaw to ensure
vicinity of the existing shafts, where that the ground remained tight and
there was a strong likelihood of voids that sufficient support was given to
existing at the original temporary the tunnel lining, in particular at
works. Because of obstructions at and shoulder level, in the softer materials.
below ground level, the extent of these As a further precaution, cut-off wing-
works could not be assessed in advance, walls were constructed from the central
and no records of their construction shaft perpendicular to the line of the
existed. tunnels to increase the length of water

path between canal and river. The wall
The only method considered practi- of the shaft itself was taken down to

cable for ground control during a cut-off in the boulder clay, and the
tunnelling was the use of ground wingwalls were taken down to this
freezing, with specific precautions stratum as well. This additional
being adopted to minimise the attendant precaution was found to be necessary,
risks due to ground disturbance during following decommissioning of the First
the freezing and thawing cycle. Crossing and the removal of the original
Minimization of disturbance led to the pipes from the Manchester Ship Canal
decision to carry out ground freezing shafts, when probe drilling through the
horizontally from tunnel level rather shaft lining revealed the existence of
than vertically from the surface in order extensive voids both between the shaft
to reduce the extent of the freeze, and and the original temporary works
hence ice lens formation, in the timbering, and towards the underside
materials overlying the tunnel. Ice of the canal.
lenses could grow to a significant size Dsietevr orgonin these materials,if frozen verticallyDsietevrporgun
leading to the formation of voids as the conditions and the high ground and
ice thawed and a reduction in the water loadings at tunnel level, it was
hydraulic resistance of' the ground. decided to use a segmental tunnel

lining of precast concrete rather than
An ice wall around the tunnel was cast iron or steel. The lining did not

designed as a cylinder. This as need to be fully watertight since the
required to have a minimum thickness of internal steel pressure lining would
1.2 m to carry ground and groundwater obviate this requirement. It was also
loadings. considered that the mut. 1)e stage back-

grouting, in conjunction with detailed
TeeitnshfstthMacetr monitoring of lining deflectiona, could

Ship Canal and River Mersey tunnels were be used to minimize lining distortion
too small to allow the installation of and thus keep bending moments within
the steel pressure lining sections in the limits for a concrete lining.
economic lengths. A new shaft was there-
fore proposed, midway between the
existing shafts, of a sufficient diameter THE FREEZING SYSTEM
to accomodate the pressure lining
sections and to allow standard drilling To satisfy the specified minimum
equipment to be used during the instal- ice-wall thickniess of 1.2 m the 20
lation of freeze tubes. The new tunnel freezetubes were placed on a nominal
was therefore planned to be driven in 5.0 m diameter circle for the 3.4 a
two sections, one north and one south, diameter excavation. A true circle
from the new shaft. Each tunnel section was not possible for drilling to
was about 12 metres long, giving a reason- avoid joints between the secant-piles
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Figure 2. Heat extraction.

used by the Main Contractor to form the ant sump pumping. By intensifying the
wall of the temporary working shaft; refrigerative effort to the lower freeze
instead an octagonal pattern was tubes, and segregating the water move-
employed. ment in the sump away from the face

being refrigerated, full closure was
Twin conventional two-stage ammonia rapidly achieved and the tunnel completed

compressors, each rated to extract without further incident.
S4 kW at -50 C evaporation temperature
were selected. Either could achieve the
frozen state for one tunnel in 3 weeks, INSTALLATION OF FREEZE TUBES
while acting as reserve for the other
in the event of a breakdown. Calcium The diameter of the working shaft
chloride brine was used as secondary was governed by the clearance needed,
refrigerant, with heat dissipation to through its ring beams, to lower and
the canal water, manhandle the 6 m long, 2.8 m diameter

steel sleeves that would form the final
The intended phased programme of lining in the existing and new tunnels,

freezing and tunnel construction was and to provide a 6 m working length for
affected by two influences (see also freezetube drilling. A clearance of

"timber obstruction"). 8.5 m diameter satisfied these require-
ments.

The target for the north tunnel
was a cast-iron shaft to which the Drilling was undertaken through a
freezetubes were drilled. Refrigerant stuffing-box mounted on short flanged
circulation was effective to within pipes pre-set into the secant piles.
0.2m of the shaft, and this was
sufficiently close for the ice-bond/ A valved cutting-head was fitted
seal to form within the programme time. directly to each freezetube so that a
Monitoring of thermocouples installed whole unit would function as casing,
in observation holes, centre-hole drain- drill-rod and freezetube. The non-
age observations at the working shaft, return valve allowed drilling flush to
and frost growth inside the cast-iron pass into the ground only which,
shaft being in order, excavation combined with the stuffing-box assembly,
commenced on schedule. effectively prevented ground loss. Once

drilled to full penetration, a plug was
However, when the cast-iron was placed behind the cutting head to seal

pierced at approximately tunnel centre, the valved tip against brine-loss into
water at +2 C issued. The only anomaly the ground. A (water) pressure test
that could be identified was that at was applied to each assembly before
invert level the ice-wall was below completing the freezetube furnishing
sump water level in the cast-iron shaft. and charging with brine.
The water level was being controlled
within convenient limits by intermitt-
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stuffing box mount culting shoe
valve .- with non-

return valve

freezet ube

secant
pile

Figure 3. Drilling arrangement.

TIMBER OBSTRUCTION A total of 66 Mg of liquid

While preparations for freezing nitrogen was consumed over 5 days in
the north tunnel section were in pro- establishing the frozen state, and a
gres, further probing behind the further 308 Mg over 34 days in
(south) brick shaft, adjacent to the maintaining the ice-body while the
canal, disclosed an apparent barrier tunnel was completed. A similar
of timbers right across the line of quantity was consumed over 55 days
the south tunnel. It was felt, and refrigerating the timbers via the
eventually confirmed, that they were vertical freezetubes.
the remains of the soldiers and
walings that formed a temporary works SITE MEASUREMENTS
cofferdam for the original canal
tunnel construction. Owing to the very constricted site

layout above the tunnel, it was notThe planned south section freezing possible to take measurements for heave
system was therefore shortened to just at the surface. The measurement of
reach the timber barrier, supplemented movements was confined to the tunnel
by three vertical freezetubes to ensure sections themselves; this was combined
closure across the end of the cylinder with the observation of any overstress
thus allowing tunnelling to proceed in the original shafts.
while a supplementary system for the
remaining 1i-2m was prepared. The north tunnel construction,

carried out first, showed small move-
In order to limit any delays (and ments upwards as the freeze was dis-

attendant costs) in completing the south continued. The maximum vertical move-
section the short portion was frozen ments upwards, approx 9mm, occurred 4
with liquid nitrogen. A splayed pattern weeks after discontinuation of the
of 32 freezetubes was installed from freeze. This movement subsequently
within the brick shaft (its diameter reversed, and over the following 5
equalled that of the tunnel that would weeks the tunnel moved downwards by
enter it); additionally, to provide about 3mm, probably due to vertical
intensive refrigeration at the timber ground loadings being re-established
barrier whose thickness and condition on the lining as the frozen arch of
was unknown, six vertical freezetubes ground above the tunnel lost its strength.
were installed along its estimated The final movement recorded was 6mm
location, upwards.

When excavated, the timbers were The south section rose about 2mmfound to be 0.6 m x 0.35 m in section following discontinuation of the freeze,
and perfectly preserved. and subsequently moved downwards by 4mm,
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ET 2. For minimal ground loss during hori-
FEZE OF zontal drilling below the water table

the combination of stuffing-box and
non-return valve in the cutting head is
particularly suitable.

3. Small external heat influences, such
as are generated by moving water, can
be dealt with and overcome.

4. Liquid nitrogen refrigerant is very
valuable for dealing quickly with un-
foreseen situations.

- i - 4 i I I I 5. Ground movements associated with a
1 2 3 A 5 s 7 8 9 1 01 t 13 sub-level horizontal frozen cylinder

WES FROM FEZE O in mixed strata were nominal.

Figure 4.
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CONCLUSIONS

1. The work was executed safely and,
within the limits of external influ-
ences, expeditiously; the result fully

justified using artificial ground

freezing.
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A CASE HISTORY OF A TUNNEL
CONSTRUCTED BY GROUND FREEZING

Hugh S. Lacy, Associate, Mueser, Rutledge, Johnston & DeSimone, New York, N.Y.
John S. Jones, Jr., Chief Engineer, Law Engineering Testing CO. Washingrton, D.C.
Brien Gidlow, Vice President, O'Brien & Gere Engineers, Inc., Syracuse, New York

ABSTRACT found that freezing a horizontal cylinder
of ground below the tracks prior to tun-

Artificial ground freezing was used neling was the most cost-effective solu-
for structural support and groundwater tion. This site is located along the
control for a 37 mn long, 3.2 in diameter southeastern side of Onondaga Lake in
tunnel located about 2 mn beneath high Syracuse, New York. The tunnel passes
speed railroad lines in Syracuse, New beneath the mainline tracks between
York. A double row of freeze pipes Albany and Buffalo with no alternative
spaced approximately 0.9 m on-center was routes should it be made impassable dur-
used around the periphery of the tunnel ing tunneling operations. with a re-
above the spring line, while only a quirement to maintain train speeds of 55
singile row of freeze pipes was required mph for 80 to 90 trains per day, it was
below the spring line. Excavation of the important to use a tunneling method that
frozen soil within the tunnel was accomn- would provide a high degree of safety.
plished with a small road header tunnel
boring machine. Subsurface conditions Subsurface Conditions
consisted of cinders above the spring
line of the tunnel with loose silty fine The site is underlain by deep comn-
sand below. The moisture content of the pressible soils extending approximately
cinders had to be increased using a ben- 67 m below the ground surface with fine
tonite slurry prior to soil freezing. sand overlain by cinders at the tunnel
various types of instrumentation were level.
used to monitor performance of the freez- The upper 3 mn of soil is fill con-
ing system, including heave-settlement sisting of layers of loose black cinders
points; temperature measurements; slope and dark gray coarse to fine sand with
inclinometers and frost indicators. The varying amounts of gravel, silt and
results of in situ testing of frozen obstructions. Below the fill i- about
soil, laboratory testing of frozen soils, 7.6 m of loose gray silty fine sand to
computer analysis to predict stress- sandy silt with a trace of shells and
deformation-time characteristics under some organic silty clay layers. In situ
static and cyclic loading, the instrumen- permeability tests indicated the perme-
tation program including a comparison of ability of the silty sand to be about
estimated and measured performance are 2x10-4 cm/sec.
discussed. The groundwater is 1.5 to 2 m above

the tunnel invert with the normal level
of the adjacent lake 0.9 mn above tunnel

SITE CONDITIONS invert. As a result of the great depth of
compressible deposits, changes in the

When construction of a 3.2 m diame- level of the groundwater table at the
ter, 37 m long tunnel has to pass 2 m tunnel site would result in large settle-
below the base of railroad tracks, it was ment.

389



ALTERNATIVE CONSTRUCTION METHODS Table 1, indicate low and variable
strength and moduli for the cinders.

Several alternative means of sup- During the freeze test period the ground
porting the tracks during tunneling were surface heaved less than 2.5 cm.
investigated. Construction of a pile
supported trestle was not feasible due to O V
the limited track access caused by theI
high volume of train traffic. Site and -

track curvature constraints prevented 333

relocation of the trackage. Multiple t1

rail track reinforcement provided insuf-W
ficient support for the span created by
this large diameter pipe. Lowering of FREEZE TEST' TEST PIT FILL

AREA 27 TO ExPOSE) ITYPI

was not considered feasible due to antic- ACS HF TP TR

ipated large track settlement. Chemical PLAN
stabilization of the soil was considered
a marginal solution and a field test pro-
gram demonstrated that the soils at the
level of the tunnel could not be consis-
tently stabilized with chemicals. A
field test program was also conducted to FROZEN SMZ3 IV

evaluate the effectiveness of freezing of
the soil. SECTION A-A

TESTING PROGRAM Figure 1. Tunnel Section

A testing program was necessary to Laboratory Testing
demonstrate that reliable support could
be provided by freezing the relatively As attempts were unsuccessful in
thin cover of cinders randomly mixed with obtaining undisturbed frozen samples of
sand. The test program particularly soils during the field test, 5 and 7.6 cm
addressed variability in strength and diameter undisturbed samples of unfrozen
elastic modulus, strain deformations soils were recovered from eight shallow
under constant and cyclic loading as borings, transported to the laboratory
experienced by trains passing over the and frozen while still intact in the sam-
tunnel. Deformation of the frozen tunnel ple tube to a temperature of -200C. The
relative to adjacent unfrozen ground was samples were then extruded from the tubes
also evaluated, for visual examination and further test-

ing. one of the purposes of further
Field Testing testing was to evaluate the uncertain

strength of the cinders, which tended to
The field test program consisted of fall apart when attempts were made to

six freeze pipes placed in predrilled core the frozen cinders during the field
holes at a spacing of 0.9 m. Pipes with tests. Three unconsolidated-undrained
thermocouples were inserted midway be- triaxial tests were performed on each of
tween exterior and interior pipes and 0.6 the two soil types at specimen tempera-
mn outside thee freeze pipes. Calcium chlo- tures of -70C and -10C to determine the
ride brine was circulated and tempera- ultimate short-term strength of frozen
tures dropped from +7.50C to -0.20C in soil. Some of the test results are in-
ten days. Pressuremeter tests performed cluded in Table 1. As expected, it was
in 7.6 cm diameter holes drilled in the found that the strength was highly depen-
frozen ground between the freeze pipes dent on natural moisture content as well
determined the strength and elastic modu- as temperature of the specimen. Strength
lus of the frozen soils. The modulus of tests on the silty fine sand samples fell
elasticity of the frozen soils was deter- within the general range of published in-
mined from radial compression at rela- formation, while the strength of the fro-
tively low values of strain. one such zen cinders was significantly below pub-
test was made on unfrozen cinders for lished data. The strength of the frozen
comparison purposes. The location of cinder fill at this site is strongly
this field test is shown on Figure 1. dependent upon the amount of free water
The results of these tests, shown in in its voids. Three samples tested at
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-1C had strengths of 3.9 to 8.1 tsf at first one-half minute, held constant for
moisture contents of 25 to 39 percent. 1.75 minutes, then cycled at about 4-1/2
Two samples tested at -70 C had strengths minute intervals for 100 cycles. The
of 16.1 and 22 tsf with moisture contents results of these tests are summarized in
of 28 and 29 percent, respectively. Spe- Table I indicating a reduction in the
cific gravity and absorption tests on equivalent elastic modulus after 100
cinder samples yielded specific gravities cycles to about one-third of the first
ranging between 2.05 and 2.10 with re- cycle values. This value is similar to
spective absorptions of 22 and 15 per-

cent, suggesting that samples with mois- TABLE ISUMMARY OF SOIL PROPERTIES

t u r e c o n t e n t s i n t h e l o w 2 0 p e r c e n t r a n g e -CindersSiltyfin*_ Sand

essentially had almost no free pore Cinders Si1ty Fine. ESnd
water. This explains the low strengths of
the drier samples. The strength of the Frozen Soil:
silty sand increased from 14 to 64 tsf as jeretor Tests

a. JkTet 22 131) J111 70.5 27SO
the soil temperature dropped from -10 to a. Cycle Test iI

-7oC. 1 cycle 14S0 (30) 2750
1466 (29) 2750Strain rate tests were performed by 50 cycles 550 30 1158

applying a constant stress varying be- 550 (29) 1100

tween 50 and 90 percent of the ultimate 100 cycles 449 (29) L00

short-term compressive strength and mea- c. Creep Test 17.6 (31) 462 (failure at 266 hrs)

suring the time to reach failure under Field Tests 38 5633 120 9979
the imposed stress. These tests consisted 9391 (-12%)

35 4502
of five cinder samples at -7*C and one 39.5 18229

sample at -16C. These tests show a sub- 13.2 15433299
stantial increare in strength with a 58 10336
relatively small increase in moisture Values Used for AnalysiS
content. The results of these tests are
shown on Figure 2 as the reciprocal of 340 (hgh) 6 00 (0 (loh)
the constant applied load vs duration of unfrozen Soil:
load before creep failure occurs. The Laeratory Tests
design maximum applied stress of 8.7 tsf a. uTckTel ti.1 to 45 to 1.2 to
is below the level at which creep failure 2.0 70 2.8 100

would occur for the estimated time Field Test 11.8 120 73.531.0
periods that a train would be positioned

directly over the tunnel. Values Used for Analysis

80 (loN) 100 (lo)
AT . 240 (high) 500 (high)

- -e" NOTES: 1. Assumed Poisson's ratio 0.35
S I - 2. 2qf coressive strength

.0 STTI'a. 3. E m odulus of elasticity
S MAX STATIC DESIGN 4. Frozen soil tested at 7C except where noted

.. 6.7.E S S 5. Thez nuer in parenthess is the moi stureWESSIVE I STRESS 1:1content for the cinder samples

RANK OF REANLTS 6. Low moisture content tst results are notOF RESUL 10.0. Included in this table

AT C' (32-J (.0.05?) _____ the equivalent creep modulus value for

0.01 OJO 1.00 00 ioo. cinders with moisture contents of about
DURATION OF LOADING FALIRE, HOURS 30 percent. It was concluded that despite

(2.84) -MOSTURE CONTENT the heterogeneous nature of the in situ

Figure 2. Test on Frozen Cinders material, parameters of the frozen soil,
such as strength and modulus of elas-
ticity could be established for this

Cyclic triaxial loading tests were material with reasonable confidence.
performed to determine the strength and
deformation behavior of the frozen soil Measurement of Track Deflections
under dynamic loading conditions similar
to that resulting from passing trains Track deflections were measured under
during tunnel excavation. A cyclic load- normal operating conditions prior to
ing to approximately 50 percent of the tunneling to provide control data for
short-term ultimate compressive strength comparison to measurements made during
of the cinder fill with moisture content construction. These deflection measure-
at 30 percent was applied during the ments also provide an indirect means of

392



checking the results of stress-strain it was determined that the minimum frozen
analyses for the tunnel. Two methods wall thickness should be approximately
were used to measure the rail and tie 0.9 m and that a minimum of a 1.2 m
deflections due to subgrade compression; thickness should be provided across the
direct reading using a surveyors level crown of the tunnel to assure continuity
and a photographic method. The surveyors of the frozen ring in the heterogeneous
level was set up 15 m away from the track cinder fill. A minimum of 26 freeze
at a location permitting direct reading pipes were required as shown on Figure 3.
of scaled metal strips secured to ties For thermal considerations, the ratio of
and a steel bar driven into the subgrade the freeze pipe spacing to pipe diameter
between two ties. Visual observations was required to be less than 13 through-
were made prior to and while trains were out the tunnel length. Additional pipes
passing. A high-speed camera with a were required to be installed in areas
telephoto lens was set up 9 m from the where this requirement was not met. The
track with a surveyors rod mounted as a contractor was limited to installation
referencc benchmark ten feet from the methods that would minimize the loss of
rail. Photographs were taken prior to ground beneath the tracks, but permit
and while train engines were passing penetration of obstructions where encoun-
indicating the top of rail deflection. tered. Temperatures of the frozen ground
Maximum rail and tie deflections were midway between freeze pipes had to be
approximately 0.6 cm. Average rail -104C or below. It was also required
deflection was 0.51 cm, while average tie that the moisture content of the cinder
deflection was 0.34 cm. The 0.17 cm fill above the groundwater table be
difference in average deflection between raised. As various tests had indicated
the rails and ties suggests that the part of the cinder fill to be highly
tracks are well-maintained, as the verti- permeable, it was required that an annu-
cal play between tracks and ties can be lus of dilute viscous drilling fluid be
over 2 cm for poorly maintained tracks. placed around each of the freeze pipes
Measurement of the deflection of the during installation to increase the
steel bar driven 0.76 m below the ballast available free pore moisture and provide
surface indicated deflections of .15 to effective freezing of the upper cinder
.45 cm of subgrade compression as engines fill. Maximum injection pressures of
passed. this drilling fluid were limited.

ANALYSIS OF PERFORMANCE UNDER TRAIN EXISTING GROUND SURFA-

LOADIG"~ NGAL 32' SPACING

I FREEZ PIPE J 291 SPACING

The stress analyses for this tunnel CINDER FILL

were described in the First International I
Symposium on Ground Freezing by Jones and MRDDP ,
Brown (Ref. 2). Since that time addition-
al studies have been performed to incor-
porate the effects of the freezing pro- -

cess in the analyses. Volumetric expan- - /

sion of the soil during freezing causes EY
significant movements and stress changes
in the unfrozen soil regime. Finite ele- \ IcE

ment modeling of this phenomenon indicat-
ed ground surface heaving of up to 4 cm
could be expected during the freezing 26OIA CASING

period. Esentially no movement was cal- RTY 96 PCC C
WSMIDOUTFALL

culated during the excavation period due SAN cF NR GROUT

to the very shallow overburden. Due to £

the types of soil present, approximately
3 cm of thaw consolidation, as discussed Figure 3. Planned Cross-Section of Tunnel
by Chamberlain (Ref. 3), was anticipated.

Liner Plate and Grouting
DESIGN REQUIREMENTS

Following mining of the tunnel,
Based on the analysis of maximum placement of liner plate followed by

permissible stresses under train loading, packing pea gravel and grouting with
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cement was specified. The use of liner Casing Installation
plate support permitted more time for
installation of the conduit pipe, and The Contractor elected to install 20
allowed early removal of the freeze unit cm diameter schedule 40 steel freeze pipe
and pipes, reducing energy costs. casings in which the refrigerant piping

would be later installed. The use of
Sheeted Access Shafts this casing provided an increased section

modulus to allow better control and
In order to limit groundwater lower- greater capacity to resist buckling dur-

ing adjacent to the tracks, continuous ing installation of the horizontal freeze
steel sheet piling was driven around each pipes. The Contractor also proposed to
access shaft extending 15.2 ms deep into use a continuous rotary flight auger to
the underlying clay. All pumping was remove material from within the casing.
limited to within these cofferdams. Ob- The auger consisted of flights contained
servation wells were used to demonstrate inside the casing with an articulated
the groundwater level was not being low- front section which could be adjusted up
ered beneath the track. Ground freezing or down to maintain proper casing align-
was not considered for the access shafts ment. A hydraulic sensor on the casing
as it would have to be maintained during head was connected to a panel in the
the entire construction period and was access shaft to monitor vertical align-
not cost effective. ment. The articulated head could then be

adjusted accordingly through a control
Monitoring of Ground Freezing rod mechanism on the boring machine.

The first casing was started at the
Extra horizontal pipes were required bottom of the tunnel face on May 15,

for the purpose of monitoring freezing of 1980. After proceeding less than 20 ms,
soil at four locations around the hori- an obstruction was encountered. After
zontal tunnel cylinder. Thermocouples several unsuccessful attempts to advance
were placed at five intervals along each the casing, a television camera, used to
of the pipes. Normal monitoring of the imspect the inside of sever pipes, was
coolant was also specified. Frost indi- inserted into the casing. The camera
cators, consisting of one-inch diameter showed rounded stones 8 cm to 20 cm in
plastic pipe were installed in the diameter at the face of the casing. These
ground. A clear plastic pipe filled with stones were too large to be returned by
water mixed with methylene blue was sus- the auger through the casing. Attempts
pended in this pipe. As the water froze, to break the atones by impact were not
the blue colored liquid became white, successful.
Removal of these insert tubes indicates The next casing was started at
the level of adjacent frozen ground. Two approximately the 8 o'clock position on
test pits were required across the tunnel the tunnel face and was successfully com-
alignment adjacent to the tracks after pleted the same day. In general, the re-
the ground was frozen to examine visually namning casings (21) above the 8 o'clock
the extent and the quality of the frozen and 4 o'clock points were successfully
soil. This provided a direct means of installed at a rate of one per day. Dur-
determining the moisture content of the ing these installations, two of the cas-
frozen cinders and permitted drilling of ing pipes had wandered out of horizontal
holes through the frozen ground between alignment and were later substituted for
freeze pipes to verify that the minimum the required monitoring holes in which
thickness of the frozen cylinder was thermocouples were placed for ground
provided. Prior to commencing freezing, temperature monitoring.
control elevations were to be established The remaining five casings below B
on the rails and on steel pins driven o'clock and 4 o'clock were more difficult
between the tracks at intervals to die- to install. The first casing was aban-
tances 7.6 ms each way from the tunnel doned and was replaced by two additional
centerline along the tracks, casings 0.2 m higher and 3.5 m north and

south of the original casing. A tempera-
ture monitoring casing on the north side
of the tunnel was relocated to a poten-

CONSTRUJCTION PERFORMANCE tial "weak spot" on the south side of the
tunnel to be used as a freeze pipe should

Certain aspects of the construction this need be indicated by the temperature
are described in another paper presented monitoring data. In all, four (4) addi-
at this conference (Ref. I). tional casing pipes were added in order
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to obtain proper spacing to insure an average centerline of the frozen ring.
adequate frozen ring. A cross-section of
the final pipe locations is shown on DISTANCE FROM t FREEZE PIPES (M)
Figure 4. 0.5 I0 s 2.0

EXT GROUND SURFACE, 9/25/S0 - SDAYS AFTER TUNNELLING
IN STARTED.

ON-

- M-3

M-2

&4BRINE PIPE TEt P

126a cA CASING, 'S 0 ' 0 Figure 5. Temperature vs Distance from

/ 6PCCP Freeze Pipe
R\ LOOSE SLTY Some of the variation in frozen ground

SAND CEMENT 6RUT FIN SAND

ICLINOULCENR U temperature can be attributed to varia-
tions in distance of these monitor points

Figure 4. Actual Freeze Pipe Location from two nearby freeze pipes. Figure 6
shows the variation in soil temperature

Increasing Cinder Water Content with time for two typical monitor points,
as well as the variation in brine temper-

Once the installation of the casings ature. As expected, the point closest to
and freeze pipes was completed, water was the freeze pipes responded rapidly as the
sprayed on the ground surface. Water was second freeze unit was added and the
also added through slotted holes in the brine temperature dropped. Further from
casing pipes through a gravity head feed the freeze pipe, the temperature dropped
box. By monitoring the groundwater lev- more slowly; and as the second unit was
els with the observation wells and pie- discontinued, the soil temperature re-
zometers, it was determined that ground- mained relatively constant, rather than
water levels had not been raised enough rising with the brine temperature.
to assure a 30 percent water content in
the cinders. START L.STARTFREEZING I TUNNELING

To further increase the water con-

tent in the cinders, bentonite slurry was L AUG. J SEPT I
pumped through the slotted casings into 20 13 23 2 12 24 4

gradually thickened until it no longer A -UNIT

flowed into the soil under the limited +0 ADDED

head. The slurry also filled the annular + 0
space and provided thermal conductivity 3.4 FROM PIPE
between the casing and the freeze pipes.
The use of slurry also facilitated remov- W 0
al of the freeze pipes after completion
of the freezing since the slurry could be
thawed by addition of warmer fluids in - 10
the freeze pipes. Approximately 13,000 2.2 FROM PIPE €
gallons of bentonite slurry was used. It

LAI
was estimated the slurry would allow the -20
freezing of a 1.2 m wall thickness in the
cinders.

Monitoring of Freezing -30 BRINE

Figure 5 shows the variation in
temperature vs the distance from the Figure 6. Soil Temperature vs Time
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Prior to excavation of the test pits, The rate of excavation was controlled by

temperature profiles were measured in the placement of the liner plate, rather
the frost indicator holes adjacent to one than by the mining machine. The place-
of the test pit locations. This proce- ment of the liner plates was such that no
dure consisted of removal of the frost more than 1.6 m of exposed tunnel was
indicator tubing, followed by filling the allowed at any point. At that point
receiver pipe with salt brine, allowing additional liner plates were installed,
temperatures to stabilize, and lowering a packed with pea gravel and grouted using
thermocouple and recording the tempera- gypsum-based grout to produce quick setup
ture variation with depth. This procedure under the cold conditions. Grouling

proved to be a useful tool when correlat- voids were found by tapping the plate for
ing this information with other tempera- hollow spots and confirmed by cu.tting the
tuare information and the test pit results plates at selected locations. Regrouting
and aided in assuring consistency across was then required an:' again was inspect-
the roof of the tunnel. ed.

On September 12, 1980 test pits were During the tunneling several

dug to verify the extent of frozen area. obstacles were encountered including an
A backhoe penetrated 0.6 m of unFrozen abandoned 40 cm diameter water main,
ballast and sand plus 0.2 m oF partially railroad ties and miscellaneous debris.
frozen cinders before encountering refus-
al. A jackhammer was used to penetrate Displacement Measurements
the frozen ring to determine its thick-
ness. After approximately 0.8 m of pene- Figure 7 shows the variation in
tration the bit on the jackhammer froze track level after adjustments are made
in place and could not be removed. A for reballasting of the track. Remote
second hole was dug along the centerline
of the tunnel and a hole was chiseled in I I I I I | I I i I i

the frozen earth and water was added. T 7

Little water was lost from the hole indi- -
cating little porosity. The jackhammer - .. ,__ LAST Wftt

indicated a I m frozen zone with no weak P t"'N

zones encountered. This physical obser- .,-. /
vation and probing agreed well with --------
information developed from the thermo- T TUNEL S STAKE W I G ALL BETWCEN

couples and frost indicators. Samples of I05 1 1 1 11
the frozen ground had moisture contents / -&Too? VUEO4T ?RXS.TH

above 30 percent.

Tunnel Excavation and Support 44 .SETT--N ..

On Septeiber 16, 1980 tunnel excava- ...............
tion began o the east face. Excavation "-
was started using a crew with jack- - _ - TWCM f

hammers. For the first 2 m, progress was 
S 3O.

made using this method sice most of the -40- Min'. m.. RAIL4-;:
material being removed was not frozen. By , , I 1 1 1
September 22, 1980 excavation progress so Z-W,&, b WKPV

had ceased due to extreme difficulty in Figure 7. Variation of Track Level
mining the frozen material. The frozen
soil at this point was relatively fine- readings indicate thit-the general area
grained and had the consistency of soft is settling at the rate of about 2.3 cm
rock. per year. Following settlement during

The excavation subcontractor walked freeze pipe installation that averaged
off the job shortly thereafter and the 1.5 cm, the tracks experienced up to 6 cm
general contractor immediately started heave during the period of artificial
searching for alternative excavation freezing. No discernable settlement
methods. A pneumatic hammer mounted on a occurred during tunneling. After the
backhoe was tried with little success. A freeze unit was turned off, the tracks
continuous rock mining machine was settled three to four cm, followed by
urought in and excavating progress in- what appears to be a slight natural frost

creased to more than 2 m per day. At this heave frcm cold air temperatures during
rate the excavation could keep ahead of the winter months. Differential settle-

the liner plate and grouting installation ment at the tunnel continued until late
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May. Settlement since that time has been analytical studies of the distribution of
parallel to the rate of area settlement. stress in the frozen soil tunnel were
Settlement point No. 27 which is 9 m from performed with the assistance of Law
the tunnel centerline, i* shown for corn- Engineering Testing Company of McLean,
parison purposes. At this location, there Virginia. The contractor for this pro-
was no significant heave during the arti- ject was M. A. Bongiov.ni, Inc and the
ficial freezing period, but a pronounced soil freezing subcontractor Freezewall,
frost heave during the following winter Inc. Design studies and successful con-
months. Settlement after the construc- pletion of this tunnel construction are
tion period is 1.5 cm greater than area the result of numerous personnel from
settlement, indicating a variation in these organizations and the authors
normal area settlement or additional gratefully acknowledge their assistance.
settlement caused by minor groundwater
lowering for adjacent shaft excavation.
Net settlement after compensating for REFERENCES
settlement during freeze pipe installa-
tion that is greater than area settle- (1) Maishman, D. and Powers, J. P.,
ments, as represented by Point No. 27, "Ground Freezing for Tunnels - Three Case
ranges from 0.7 cm to 4.3 cm. It is con- Histories", The Third International Sym-
cluded that the net settlement was 12 to posium on Ground Freezing, June 22 - 24,
72 percent of total heave due to soil 1982.
freezing.

The slope indicators showed a later- (2) Jones, J. S. and Brown, R. E., "Tem-
al displacement of approximately 1.3 cm porary Tunnel Support by Artificial
outward during the freezing period. Ground Freezing," The First International

Symposium on Ground Freezing, Bochum,
Germany, 1978.

COMPARISON WITH PREDICTED PERFORMANCE
(3) Chamberlain, E.J., "Overconsolida-

Displacement measurements provide tion Effects of Ground Freezing," The
the primary comparison between predicted Second International Symposium on Ground
and measured performance. The finite Freezing," Trondheim, Norway, 1980.
element analyses that incorporated the
frost heave and thaw consolidation phe-
nomena fairly accurately predicted the
associated ground movements during the
entire freezing process. The predicted
heave of 4 cm was approximately 70 per-
cerc of the maximum heave anticipated. No
settlement was anticipated during con-
struction and was totfirmed by the analy-
ses. The predicted ground surface subsi-
dence from thaw consolidation was almost
identical to the measured displacement at
Point 33 and approximately 50 percent of
the measured displacement at Point 47.

The variations in observed surface
movements from those predicted are be-
lieved to be caused by variations in the
thickness of the bentonite grouted zones
along the track, as well as variations in
the rate of frost lensing.
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GROUND FREEZING IN TUNNELS
Three Unusual Applications

Derek maisma
J. Patrick Powers

vice Presidlents,
FreezeMJL Inc.,
U.S.A.

INTRODUCTION~ these problems are similar to those in
other geotechnical installations, some

The three case histories described are unique to freezing. The case
herein illustrate the broad versatility histories will illustrate a variety of
of the ground freezing method in solving such problems: the difficulties they
tunneling problems. It is possible to presented, and the solutions that were
construct various types of underground found.
structures of frozen earth, to cutoff An additional paper is being pre-
wat~i and to support loads. These case sented at this (bnference on one of the
histories illustrate a horizontal cylin- case histories. Lacy et al {1} gives
der, an arch, and a bulkhead, all of technical data on the Syracuse project.
frozen earth. other shapes are possible, This paper will emphasize the general
their variety limited only by the ingen- nature of thje construction problems, and
uity of the designer. the practical solutions achieved.

Successful application of ground
freezing requires a thorough under- CASE HISTORY 1:
standing of the technology involved,
including the flow of heat through the DAMAGED SEWER TUNNEL, DMrlMIT, lICIA
soil and its other thermal properties,
the increase in soil strength resulting This example illustrates the use of
from reduced temperatures, and the ground freezing under both emergency
equipment and processes used to achieve conditions and extended operation, to
the desired effect, form a unique underground structure.

Ground freezing is also affected by A 12 foot 9 inch (3.9 m) diameter
the degree of saturation of the soil, and interceptor sewer tunnel in Detroit
the movement of ground water in the soil, during a routine inspection in January
The site specific water conditions must of 1980 was found to be in imminent dan-
be evaluated to assure a successful ger of collapse. Apparently a leak had
application of the method. Particularly developed in the secondary concrete
with clays, laboratory tests are advis- lining, and ground water leaking into
able in samples of the soil to be frozen, the sewer had carried fine sand, creat-
to establish temperature and strength ing a cavity under the sewer. Upstream
parameters for purposes of design. of the break the tunnel had settled an

Adequate instrumentation is re- estimated four feet. The settled sec-
quired to insure that the desired soil tion exhibited severe stress cracking.
strength, and the intended shape and (Fig. 1 is a photograph taken after the
dimensions of the frozen structure have sewage had been diverted.)
been achieved. The sewer served an estimated quar-

Finally, successful ground freezing ter of a million people.
demands satisfactory solutions to prac- The Detroit Water & Sewerage De-
tical construction problems. Some of
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partment instituted several simultaneous its own weight.
steps in an ef fort to prevent a catas- F~cause of the urgency, the liquid

trophe. Emergency pump~ statc',:ns were L~itrogen (1, N) process was selected to
set up to remp tne ra sevwe into sur- form the erfes as rapidly as possible.
face streim, if necessiry. Wrt was But if have effort succeeded, tt ground
begto plo tnq ie airotr steel pipes support wou . have to be maintained for
throunh the Awithessed area, to main- some months. Maintenance cost with L
tan some flow the event of collapse, would be prohibitive. A brine refri-

alnstruction of ypass was initiated, eration plant to maintin the freeze was

although this would take some months to obilized concurrently with the LN,

complete. (Fig. 2a) equipment. Thus from its inception, the

Meanwhile efforts were made to pre- 15 Miie Road project was a unique corn
vent further deterioration. Settlement bination of L-i2 and refrigerated brine.
pins indicated continued settlement in Tha freeze pipes and connecting
meisurable amounts almost daily. Test piping had to be compatible with either
drilling alongside the tunnel encountered process. At L k temperatures (-320'F,
a major void. An attempt was made to i-95 0C steel piping can shatter on
fill the void by gravity grouting with impact. The syethyeene and rubber pipes
cement. The settlement appeared to common to brine systems would be as
accelerate, and the effort was sus- fragile as eggshells when exposed to L 2 .
pendnd. The size of LN 2 freeze pipes and

Loncurrent with the above opera- connecting piping is small, in compari-
tions, the possibilitny of a ground freez- son with that of brine systems. But the
ing solutian was investigated. Analyses density of freeze pipes is greater, for
indicated that a series of arches of efficient use of the process.
frozen ersh, founded on undisturbed soil The changeover from Ls to brine
on either sid of the tunnel, (Figures presented potential problems. o rate
2b, 2c) , weld (:rry the ovcrburden loa. circuL ting temperature of refrigerated
if the aiches could b formed quickly brine is about -15 F (26oc. The
enough, the tunn~l lining would settle freezing point of brin-e concentrations
a little more, and with the overburd:en normally used is -31'F (-35O]. If the

load removed, might be able to support

398



'f.AL *,*Oft '*Ohft *4

. . . . . . - - - - - - - - ---

II--,o -

brine were introduced too quickly after and excess power consumption over the

the Lb2 was shut off, it might solidify, extended maintenance period wo-uld be a
fail to circulate, and damage the freeze substantial cost.
pipes and connecting piping. If it was A major problem was presented by

introduced too late, the strength of the drilling of the freeze holes. A
the previously formed frozen arches large number of holes had to be drilled,
might deteriorate, and quickly. The tolerance on vert-

A further complication was pre- cality would be very close, to provide
sented by the geometry of the frozen spacing at depth, close to design. The
structure. 1bte in Figure 2c that the holes would be drilled into badly dis-
dimension D has an optimum value suffi- turbed ground. A mistep, for example
cient to support the overburden pres- if heavy drill steel dropped suddenly
sure. Heat energy pumped from the soil into a void, could trigger the collapse
above elevation A would be of negligible of the tunnel.
benefit. bt the cost of pumping the An application requiring liquid
energy would be significant. In the nitrogen in such large quantity (a total
case of the emergency LN2 freeze, the of 700 tons (636,000 kg)) is unusual.
nitrogen consumption would be very Finding the special equipment to trans-
high. And for the brine freeze, addi- port the Lt' from its source, and store
tional plant capacity guld be required, it at the site, would be a problem.
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Most of these problems were antici- necessary to avoid damage to the tunnel.
pated; some developed as the work pro- Loss of drilling fluid into the voids
gressed. The final design and execution was troublesome. There was concern
had these elements: over the verticality of the holes.

A system of five individual frozen A better solution proved to be a
arches, each 3' 3" (1.0 m) thick, and ispecially adapted pile rig, with a
spaced 8 feet (2.44 m) on centers, were continuous flight auger mounted in leads
created by the LN2 process over the most and powered by a hydraulic tophead
distressed part of the tunnel. It was drive. Trhis rig was capable of pro-
hoped that these would support the over- ducitig up to 15 holes per 10 hour shift.
burden pressure, the natural arching It operated on mats, so that leveling
strength of the soil spanning the gaps was convenient to assure verticality,
between the frozen arches, and to spread the potential surcharge

Spacing of the freeze pipes for the load on the tunnel as much as possible.
LN2 arches was 2 feet (0.61 m) half the Through the coordinated effort of
normal spacing of brine pipes in this a great many determined people, the
type of application. Every second pipe work advanced rapidly. Consideration
was 4 inches (0.1 m) in diameter, so was first given to ground freezing on
that it could be subsequently converted February 1st. The decision to proceed
to brine. Intermediate pipes were was made on February 2nd. Twelve days
2 inches (0.05 m) in diameter. The later, on February 14th, liquid nitro-
smaller diameter pipes were designed to gen was flowing into the freeze pipes.
accommodate the evaporating liquid nitro- On February 18th, the monitoring thermo-
gen, and the larger ones cold nitrogen couples showed the arches were approach-
gas. ing completion. The morning settlement

All freeze pipes were steel. Fbr readings on February 20th, sixteen days
the L14, rigid connecting piping was after work began on site, indicated

steel; flexible connections were movement of the tunnel was arrested,
braided bronze hose. To avoid unneces- for the moment.
sary heat loading, the freeze pipes were But if the distressed tunnel had
insulated above elevation A, (Fig. 2c). become quiet, little else on the pro-
Two types of insulation were used. Ini- ject slowed down. Work on the bypass
tially, foamed polyurethane was sprayed pump station and pipeline was moving
on site inside temporary molds set along. The emergency pump stations
around the freeze pipes on the surface were nearing completion, although now
to produce a nominal 2 inch (.05 m) it was hoped they would never have to
thickness; however, this was replaced be used, and the environmental damage
as soon as possible by custom built could be avoided. Within the tunnel,
insulated pipe consisting of a similar wo,:k continued on the steel pipes
thickness of insulation extruded between t.,rough the distressed area.
the freeze pipe and a tough outer P.V. C. Drilling of freeze pipes continued.
sheath. As shown in FKgure 2a the plan was to

The insulation presented some fill in between the LN2 arches to pro-
difficulties during installation of the vide more reliable support. It was
freeze pipes in the drilled holes. How- also decided to ex-end the solid arch
ever, subsequent monitoring indicated beyond the limits of the critically
that the effort was effective in drama- damaged zone. This was intended to pre-
tically reducing the amount of heat vent further deterioration, and to pre-
pumped from the soil above elevation A. pare for repair after the sewage was

The L, supplier provided an insu- bypassed.
lated tank of 21,000 U.S. gallons It was possible to monitor condi-
(80 in3) capacity for site storage. A tions between the Lt42 ribs using inter-
fleet of special vacuum insulated trucks mediate brine pipes not yet in service.
was assembled from as far away as Texas, Figure 3 shows that nine days after
to transport the L?2 from the source in start of LK2 flow, the midway tempera-
Albion, Michigan. ture between the arches was below 32*F

Drilling of holes for the freeze (0O indicating the gap between the
pipes proved to be a sifnificant pro- ribs had closed.
blem. Work began with rotary soil The changeover from LN2 to brine
boring rigs, using bentonite drilling went according to plan. (Fig. 4) Two
fluid. The method proved slow, parti- units each of 83 tons refrigeration

culasrly with the careful procedures capacity (at -20* C brine delivery)
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pump loses capacity with higher energy
0 _ _change. Second, the high ambients

(t 1.2| increased the losses through the insu-

"-3C lation of the surface piping.
The above two conditions were

-10 satisfactorily within the safety factors

-20 designed into the refrigeration system.
Brine temperatures, and ground tempera-

-30
tures within the arch, could be main-

-40 tained at necessary levels.
However, a third condition within

a 40
- "the tunnel itself presented a very

"60 difficult problem. Ventilation was

necessary to provide safe and workable
" PW_ F ATUME conditions for the repair crews working

I" W.E 0hEN U WASin the tunnel. With surface air

-O / temperatures running above 90F (32QC)

00 during the day, the fans were imposing
a very significant heat load on the

-110 C underside of the arch. bnstruction
(COLD N2OA) unersiof t he acrtion
EXHAUST) X ONoperations, particularly the heat of
-Lms jOFREEZE "X t/E6/00 hydration of the concrete, added addi-

-/It/90 tional load. The arch began to erode

from underneath. Tiny pats of clay
FIG. 3

jOINING OF ADJACENT RImS would thaw, fall away like intermittent
AFTSR NiNE DAYS FREZIN WITH rain drops, and expose the material

LIO.D NITROGEN above it to the heat load. The deter-
ioration was slow, but progressive.

were installed. At the start both units The tips of some of the freeze pipes
were put on line as soon as possible to began to appear.
accelerate the formation of the brine The work was accelerated, in an
freeze. After formation, one unit oper- attempt to finish before the arch
ated intermittently and the other re- weakened to the danger point. (bnven-
mained in place as standby. tional steel ribs with wood lagging were

In April the bypass was completed, advanced into the cavern, keeping per-
and the tunnel bulkheaded and dewatered. sonnel at all times under the protection
By this time much of the concrete in the of the completed structure.
distressed area had collapsed, forming It was realized that if the under-
a pile of rubble in the invert. The side of the arch could be thermally
frozen arch and its buttresses formed insulated the deterioration would stop.
the only support over what had become But the insulation would have to support
a cavern, roughly 18 feet (5.5 m) high, the droplets of thawed clay for some
and 42 feet (12.8 m) long. (Fig. 5) period of time until the temperature

A decision was made to reconstruct was lowered and the deterioration
the existing tunnel, rather than to stopped. Sprayed insulation was con-
c-ive a new tunnel on a different align- sidered impractical. If it did stick
ment. The reconstruction option repre- to the sweating surface, the weight of
sented a significant saving. It would thawing clay droplets would almost
not have been available without the surely push it loose before the tempera-
frozen arch. ture had dropped sufficiently.

rhe reconstruction was accom- One method to insulate the roof of
plished without exposing personnel in the cavern was attempted. Although it
the cavern. First, rubble and muck were was not successful, it is reported here
cleaned from the invert with a grapple, to add to the professional understanding
and the invert was overexcavated. Mxt, of these matters.
the invert was replaced by a mass con- At one Cbnference treating with the
crete pour. problem, someone suggested that toy

It was now the end of July and balloons floated up to the arch might
three factors combined to cause diffi- accomplish the purpose. The conferees
culty with the freeze system. First, eyed each other warily around the table,
the summer ambient conditions imposed an in the manner of men unsure if they are

increased discharge temperature on the being chivvied. But the idea made
freeze plants. A heat pump like a water
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sense. The balloons could rearrange Oompany was construction manager,
themselves to release clay droplets, coordinating the complex series of
until the temperature dropped and the operations. John Rakolta, Jr. was Pro-
freeze was reestablished. Since the ject Manager and Mr. Alvin Daum, Super-
cost was negligible and no harm could intendent. Work within the tunnel was

ensue, it was decided to try. The tun- performed by Michigan Sewer Cbmpany

nel superintendent made one proviso. He under the direction of Mario di Ponio.
insisted that the attempt he made on the Neyer, Tiseo and Hindo were geotechni-

graveyard shift, when a minimum number cal consultants, Mr. Jerry eyer being

of his people would be underground. partner in charge. Ll-I and the
Tunnel workers, he said, are a special specialized tanks and trucks were pro-

breed. He did not want them to think vided on schedule by Airco Industrial

their managers on the surface had become Gases.

unsound.
A toy manufacturer was located, and STRFNGTH IS. SATURATION

a supply of balloons and a helium bottle IIaIl
rushed to the site. The balloons float-
ed up into the desired position as
planned. Hopes rose with them. Unfor-
tunately, before the brightly colored
blanket could be fully established, the
first balloons were beginning to drift 60
down. The lowered temperatures had
cooled the helium. The balloons con-
tracted and lost buoyancy. They drifted /
slowly down, became caught in the yen- /

tilation draft, and were swept away. K //
On the basis of this experience,

the use of helium filled balloons for
insulating arches of frozen earth is
not recommended. % SATURATIO

The tunnel crews continued their 0 0 D ,I OWL (BAKER, 94)
work with proven, less exotic methods. 3.4 0 1R?2)
The monitoring instruments indicated
there was more than ample strength re- ( PEABODY SAI GARVEL. -t.1 TO-AfC. IO P/
maining in the arch. But the constant @ CNRTE -O-.o40-C,13@/
patter of clay droplets gave everyone a (KAP"AIM

sense of urgency.
In early August the lining of ribs

and lagging was completed across the
cavern, and concrete was pumped into the CASE HISTORY 2:
space around and above the lagging. Ex-
cept for final cleanup, the rescue was ONONDAGA SEWAGE TREATMENT PLANT
complete. SYRACUSE, N.Y.

A series of arches of frozen earth,
formed in a matter of days by the rapid The outfall from Onondaga Sewage
Lf. method, had saved a tunnel in immi- Treatment Plant in Syracuse, R Y. re-
nent danger of collapse. A more exten- quired a crossing underneath the main
ded operation with a continuous arch line of cbnrail. Unlike the emergency
formed by the more economical refriger- situation in the previous Case History

ated brine process, continued to pre- 1, there was ample time to consider the
serve the tunnel, and provided condi- various options at Syracuse, which was
tions under which repair could be fortunate, given the complexity of the
accomplished, problem, and the number of agencies

Figure 6 shows the observations whose interests had to be considered.
made of a settlement pin on the center- The design grade of the 10' 6"
line of the tunnel, together with moni- (3.2 m) tunnel enclosed outfall was at
toring of ground temperatures during and shallow depth, and it would under usual
after termination of the brine freeze, circumstances have been built by cut-

Directing site operations for the and-cover methods, using a conventional
Detroit Water and Sewerage Department shoofly. But this was cbnrail's main
was Mr. James Heath. Walbridge Aldinger line, with an average of 85 trains
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passing daily, including heavily loaded percentage saturation for some natural
freights, as well as the high speed soils from various sources, compiled by
passenger services of Amtrak. Cbnrail the M&tional Research (buncil of Canada.
considered the line its 'aorta'. Even At Syracuse, the material above the
short interruptions would seriously water table was basically a cinder fill
disrupt service between hew 'trk and and special tests were necessary to
Chicago. characterize the frozen properties at

'funneling was the necessary choice, various levels of water saturation, as
But with only 7 feet (2.1 m) between the described by Lacy et al{11
arch of the tunnel and the base of the The third problem involved the
rail, a high degree of risk was in- actual mining, and grew out of the in-
volved. Even with skilled crews and herent geometry of a horizontal cylinder
careful procedures, failure of a tunnel of frozen earth. The ideal situation
face is always a possibility. Beneath would be to maintain the frozen cylin-
cbnrail's aorta, such a filure could der, and mine soft or lightly frozen
become a catastrophe. ground within its protection. But the

The ground, in tunnel terms, was freeze pipes must pump whatever heat
'had'. A generalized profile is shown load comes radially from the outside.
in Figure 7. (lay, sand and silt, In the process, they will also pump
with fill to various depths. The fill heat outward from the center of the
ranged from sand to cinders to railroad cylinder. It is not practical to pre-
ballast. Despi'-e the care during the vent the tunnel face, with time, from
geotechnical investigations, it was freezing solid. Mining would be in
apparent in such variable ground that frozen earth.
the tunneling conditions would not be The three problems were addressed
fully appreciated until the tunnel was as follows:
driven.

Planning began well in advance, and 1. From thermal and hydraulic consid-
was extensive and thorough. Lacy et al erations, the freeze pipes needed to
{1} point out that the ground freezing have an approximate diameter of threc
option was considered early on. With to four inches (76 to 102 mm). But
the face protected by a horizontal such slender pipes would have little
cylinder of frozen earth, with primary moment of inert.La to resist deflection,
lining brought up close behind the face, and would wander off alignment. It was
the operation seemed feasible and safe, decided to jack 8 inch (203 mm) diameter,
The ground freezing test installation heavy wall steel sleeves, and install
was performed, to confirm the suitabil- the freeze pipes within them. The
ity of the method at this site, and to sleeves were advanced by hydraulic
provide data for final design, pressure, while an auger close to the

When the construction phase began, cutting edge moved material back through
three practical problems had to be the sleeve to the jacking pit. Quantity
faced. First, the need to jack hori- of material was carefully monitored.
zontal freeze pipes 126 feet (38.4 ms) The method was effective except where
through variable soil, maintaining the rocks and other unexpected obstacles
accuracy of freeze pipe spacing that were encountered. In such cases deflec-
was essential to a reliable freeze. If tion, and, in one case, refusal occurred
the pipes wandered too far from their The equipment had some degree of steer-
intended location, the strength of the ing capacity. Periodically surveys
frozen cylinder would be in question, were carried out, and attempts were made
If the pipes wandered into the way of to bring the sleeve back to the desired
the tunnel, they could present an oh- alignment. Final proof of the effort
stacle to progress. And if the freeze was available when the sleeve emerged
pipes were damaged while tunneling, the into the receiving pit. overall per-
integrity of the frozen cylinder might formance was reasonable. It was found
be in jeopardy. necessary to install 30 sleeves, versus

The second problem occurred because the 26 theoretically necessary if the
the upper part of the frozen cylinder alignment of each sleeve had been true.
was above the normal ground water table. Recalculations made during the imatalla-
Effective freezing of granular soils is t~xnn were used to determine where extra
a function of the degree of saturation, sleeves were required.

The diagram, Figure 9, shows typi-
cal relationships of frozen strength and
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2. The problem of unsaturated soil sleeve pipes were jacked by Street Bros.
above the water table had been antici- of Syracuse, I. Y.
pated. Injection of fluid to achieve
saturation was to be accomplished in
two ways. The sleeves above the water
table were perforated, so that fluid
could be injected through them. And
arrangements were made for inundating
the ground surface between the tracks.
Creating a mound in the ground water
table is not difficult; maintaining the
mound until it has been frozen is an-
other matter. In soils as permeable as
some of the sand and cinder fills on
this project, the mound dissipated
rapidly when i'JL.. t1on stopped.

The solutii iecided upon was to
inject bentonite slurry tnrough the per-
forated sleeves. Due to its viscosity,
the fluid would develop the mound more
slowly but dissipation of the mound
would also be slow. Further, arrange-

ments were made to chill the injected
slurry with the refrigeration plant at
hand. ower temperatures increased the
viscosity of the pre-hydrated slurry.
And it created a situation where the

transition from saturated soil within

was continuous and the chilled slurry

accelerated the formation of the freeze. CASE HISTORY 3:
The techniques succeeded, in that a

frozen cylinder of the necessary TUN, Dh-MIT SUA TREAKENT PLANT
strength was developed.

In this application, ground freez-
3. The problem of excavating frozen ing was used to protect against a con-
soil ii the tunnel heading had been tingency which fortunately never occur-
anticipated. However, the tunnel sub- red.
contractor had underestimated the The City of Detroit Sewage Treat-
strength of the frozen earth. The clay ment Plant along the River Rouge is
P-ides and jackhammers he had provided founded on 80-90 feet (25-27.5 m) of
f, proved incapable of mining the soft clay. Foundation design is com-
naterial efficiently and on schedule. plex, and construction excavation pre-

A Doscj roadheader (Fig. 10) of the sents extraordinary problems. Exca-
type developed for mining soft rock was vation for large concrete tanks, t,.r
brought to the site. Its cutter head example, must be done in segments; the
ripped the frozen earth with good effi- design of the structure must be suited

ciency, and the schedule was restored, with care to loading during construc-
The tunnel was completed without inter- tion, as well as final loads. Tunnel-
ruption to railroad service. Some track ing for new additions to the plant
movement occurred, heaving up to piping is usually done by advancing a
2.5 inches (.06 m) during freezing and closed face shield, with small ports

settlement of about 1.5 inches (.04 mm) through which the muck is extruded onto
afterwards. This was within safe toler- the conveyor. The ease with which the
ances. soft clay flows is extraordinary. If

Designer of the project (see Lacy the gated ports are too wide, excess
et al (1) was o"Brien and Gere, with muck flows into the tunnel and ground
Brian Gidlow, principal in charge. Ceo- settlement quickly occurs, threatening
technical engineers were Mueser, existing structures. If the ports are
Rutledge, Johnston & Desimone. Hugh not open enough, the underexcavation

Lacy was project manager. General con- can cause heave at the surface even
tractor was M. A. Bonqiovanni, Inc. The with forty feet (12 m) of cover. It
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was reported that during the drive of length of bulkhead "on-freeze". It was
an 18 foot (5.5 m) tunnel some years interesting to observe, about 4 months
before the project discussed herein, after the freeze plants had been de-
one of the ports in the shield was mobilized, that adjacent excavations
inadvertently left cracked open on for another structure (Influent Shaft
Friday night. Some hundreds of cubic tb. 3 shown in Figure 11), revealed a
yards (in

3
) of soil seeped through the continuous frozen membrane still in

small opening into the stationary place.
shield, causing settlement of up to Ground freezing was also used to
10 feet (3 m) over the weekend. protect the intricate termination of

The 1980 additions to the plant the tunnel. The 24.5' (7.74 mn) 0.D.
required driving of a 24 foot 6 inch tunnel was to end at an existing cir-
(7.74 mn) tunnel approximately 700 feet cular concrete junction chamber,
long. As shown in Figure 10 the tunnel 35 feet (10.7 mn) in outside diameter.
was close to and well below the exist- The shield profile was essentially
ing primary effluent channel. There vertical. The intersection of the
was concern that if loss of ground tunnel, a horizontal cylinder, with the
occurred the channel might be damaged, vertical junction chamber would leave a
seriously disrupting operation of the gap of unsupported earth at the spring
entire plant. line of 3.9 feet (1.2 in). The natural

A bulkhead of frozen earth was ground would be treacherous enough to
designed, with sufficient short term control when the closed face of the
strength to support the foundation shield was gutted. Beyond that it was
material under and beside the channel reported that the existing structure
in case loss of ground occurred into had been built with considerable diffi-
the tunnel. Frozen earth is subject to culty, and the ground was expected to
creep; long term loading must be much be disturbed. Steel sheeting was still
less than short term loading if exces- in place.
sive deformation is to be avoided. In Horizontal freeze pipes from
this case however, any loss of ground within the junction chamber were im-
could be repaired quickly with backfill, practical because the structure was in
and the load across the bulkhead re- use carrying warm fluids. Downtime
balanced. This concept permitted a more permitted was the minimum necessary to
economic design of the freeze, cut through and make the connection.

All the freeze pipes and connecting Figure 12 shows the array of verti-
headers were installed in advance of cal freeze pipes. A high density was
pushing off with the tunnel. However, needed, to handle the heat lcid from
to reduce the amount of refrigeration the warm fluids inside the chamber, and
capacity required the system was util- to reduce the time of freeze formation.
ized in a leapfrog fashion, activating Precise scheduling was critical. If the
pipes in advance and turning tfc.= off freeze was formed too early, the closed
after the shield had safely pissed, face shield would be unable to advance
With careful coordination of the tunnel- to make contact with the existing
ing schedules and the time required for tructure. If the freeze was late,
freeze formation, monitoring instru- there would be a schedule delay in com-
ments showed that the frozen bulkhead pleting the tunnel.
was always up to design strength as the In any event, the tunnel crews were
shield went by. able to make the drive without signifi-

Freeze pipes 83' (25.3 in) in depth cant loss of ground. The frozen bulk-
were established in one line on 4.5 ft. head became in effect an insurance
(1.37 m) centers. The average period policy. The termination freeze success-
required to form a specified section of fully accomplished its purpose.
frozen bulkhead was seven weeks and Hubbell Roth and Clark were de-
plant was provided to actively main- signers for the City of Detroit. Wal-
tain a fully formed frozen bulkhead at bridge, Aldinger Cbmpany was the general
least 75' (23 in) ahead of and 50' (15 m) contractor. Tunnel contractor was
behind a tunnel face moving at a pro- Greenfield Qbnstruction Cbmpany, with
jected 50-60 feet (15 in - 18 m) per week. Larry Gilbert in charge.
In practice, modifications to the face
equipment by the tunneling contractor
caused some interruption to progress and
it was possible to maintain a longer
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CONTOUR GROUND FREEZING
FOR TUNNELING

Trupak 1h.G, ,Dr. "c.,Prof.Mo~cow Institute of Mines.
Macksimovich D.G. ,Chief.Eng.
Mitrakov V.I. ,Cand.Sc.,TsINIIS,Moscow,U33SR.

The method of artificial free- blay formationi, moraine loamy
zing is considered to be univer- clays, water-saturated sands and
sal special technique for tunnel- sandy loams.
ling through water bearing soils. Vertical freezing wells of

The method has bee- success- 1 .lm spacing formed two rows of
fully used in the USSR for the frozei Lrovxd walls of 1 .5n thic-
construction of Metro lines in kness parallel to 300m long tun-
tough tunnelling conditions. nel section. Freeziz~g wells were

However when driving shallow drives through tight soil up to
tunnels ix- alluvial deposits con- 2-3m.
taining ground water, the method Unit consisting of 8 comp-
proved to take a great deal of reonors u.' AY-4CO type was in-
time and to be very expensive, stalled for freeziL6 operations.

Ground water table lo-'ering Freezing temperature in opera-
under such conitions ap- -.ed to ting regime ammounted to -200
be iiiefective due to I ., low (-220)C.
coefficient of f£ltration ( Kf= TJhe whole tunnel section was
I .1.10-4-2.3.10- m/s) azd inter- divided into 10 compartments of
stratification of water beariu& 20-40m length by means of trans-
and water proof soils, verse rows of frozen ground walls.

Cozreseed air method (cais- The process of freezing was
son method) for tu~nelling has controlled according to tempera-
certain disadvanta&es too. It re- ture measurements in thermomettic
quires high employment level and bores, water table measurements
unfavourably affects tunellerls in observation bores and trial
health,causing physical stress, pumping of water from compart-

The mentioned factors have ments.
necessitated the developr.ent of VWater bearing soil in corn-
new more progressive methods of partments was drained by means
tu.=ellin through unstable water of wells equipped with deep bore-
bearjin soils, hole pumps.

Contour ground freezing along Coefficient of filtration of
and across tunnel route and sub- water-bearing soils bein low
sequent 6round water table lows- (& f=1.1.104 -2.3.10-4 m/s) ,normal
riig within closed contour may be water table lowering would take
reLarded ut one of such methods, a great deal of time.Besides,un-

Tie mthod iiv. been used for drained soil of 2-3m height would
the first ti.he for ci.e of Noscow ovelay waterproof strata making
a, etro lInes, tunnelling difficult. 'tater vo-

Tunnel was driven through lume within one compartment am-
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mounted to 0.6-1 .8 thous.m 3 . The wells after drilling and
To increase the efficiency of cL-siiAg were equipped with imner-

water lowerii. wells coi.,resaed sible purps.
air was pumped into soils bein6 Air supplyirg wells also dif-
drained. fered by thedir ccr.struction and

The rate of' filtration and purpose. hus, air supplying
accordingly discharge of water wells of P1 t,7pe were desirned
lowerixng well vere monitored by for COr.7Ed c r for the
p'ressure alteration of cowpressed whole leuth of compartment to
air. be drained; while wells of type

Drainiage was carried out in P2 a2d P 3 - for compressed air
accordance with the following& supply for lower or top water
three schemes: b stratum, that's why they

I.Compressed air not being wcre fitzed with filter column
released, of the length corresponding to

£rainage being conducted ac- the thickness of d-rained lajcr.
cording to this scheme, saturati- To :.akE drciate of the soil
oL of compartent with compressed more eff icient zv'erpble cur
air and pressure increase up to were installed below the top of
required level were developing at water confining stratum while
a low rate to achieve more comp- air supplying wells were drilled
lete water displacement by comp- up to this stratum. In compart-
ressed air.This scheme was used ments where water bearing soils
for soils characterized by ratLcr were divided by waterproof lay-
low coefficieints of filtration ers, well drilling was envisaged
and located at the top of the in every layer. The number of
compartment. Fiiall',, whei_ resi- wells for every compartment was
dual water level was becominig determined relative to volume of
negli6ible and there -preared a water to be pumped, compartment
danger of pump interruption due size and hydrogeological condi-
to compressed air -n the latter, tions.
the second scheme should be ini- Air supply was provided by
troduced. stationary compressor unit. Air

2.Compressed air beixE rele- supvlj, stheme took into account
ased. separate air supply for every

This scheme was desi6ned for well the possibility of compres-
intensification of water influx sed air pressure check, mains
to water-pupiLg Yell c.id provi- line interruption and air relea
sicn of smooth pump running. It ase during drainage and after it.
was reached by pressure diffe- Peak admissable pressure of
rense between air oupplyig and compressed air was takez, rela-
water pumping wells as a r-sult tive to bearing capacity of wa-
of controlled release of cou.pres_ terproof stratum and overlaying
sed air from the latter. soil. Admissable pressure being

3.Without water i.e. estimated, the possibility of
by &revity feed. frozen grou id alls continuity

Thie scheme was used for com- disturbance was taken into ac-
paratively shallow tv;.,,els e'd count. Compressed air temperatu6
sufficient bearing capacity of re should not nave exceeded
top natural or artificial water- +250 C to preveit its influence
proof strata ( taking into acco- on frozen ground walls.
unt overlaying soils) . Various reaimesof coi,,partment

A number of wells were dri- soil drainiage have been tested:
ven within every compartmexit af- -6ravity feed through water
ter checking the tightness of lowering wells, compressed air
the later. The welis wv.re , being delivered into compart-
follows: vter lov.4ing, air ment and the pressure being gra-
supplying and observational. dually increased up to the peak

Mhe leznth and construction admissable value ( 1 regime ;
of water lowering wells were -water pui..ping and simulta-
differenit depending on hydrogeo- icoa delivery of compressed air
logical conditions.
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the pressure being lower compared The top natural airproof lay-
to the first regime (2 regime); er being absent, artificial stra-

-two sta~e drainage. turn of frozen soil was formed
The first stage involved wa- (fig.2)

ter pumping and excluded air de-
livery until well capacity decre-
ased to 1.5-1.oO/hour.

The second stage involved si-
multancous water purpini and corn- 4
pressed air deliver , ter well ., J
collar had been sealed( 3 regime).

After testiL the third reki-
me was taken .as the main operating .
regime.

Immersible pumps 3LB6-10-50
were used for water punping.The 2 ""
period of soil drainage in one
compartment was on average 7 days.

Ground water table measure-
ment during drainage was performed
by means of level gauge Y3 -50.

Its performance is based on
the principle of closure of cir-
cuit between the gauge plased in
the well and ground. Fig.2 Scheme of contour gro-

Gauge contact with water in und freezing in the presenn of
the well was sensed by milliam- artificial upper waterproof layer.
neter nonited into its body. 1-lower waterproof layer

As experience has shown the 2-tuning tunnels
use of compressed air for incre- 3-wall of frozen ground
ace of mater lowering wells capa- 4-top waterproof layer of
city may be considered to be ef- frozen ground
ficient in the case of occurence In such cases shallow free-
of top and upper airproof soils zing wells were drilled from the
(fig.1). ground surface within compartment

area at a depth of 2m below gro-
und water table.

WVhen excavating,the protec-
ting frozen soil contour of com-

,sire freezing.
Total number of wells located

in 300m long section was as fol-
3 lows: freezing wells-2021; water

.. -. lowering wells-30;observation
" 'wells -40.

Ordinary shields were used
for tunneling after drainage of
the compartment .All tunnelling
operations were successful.

Conclusion

2 A newly developed method of
soil drainage aids to overcome dif
ficulitae encountered Wien tunnel-

Fig.1 Scheme of contour 6ro- ling in tough geological conditions.
und freezing in the presence of The method has made possible
natuiral waterproof layer construction of tunnel section by

1-lower waterproof layer ordinary shield excluding compres-
2-running tunnels sed air.Due to the method sM ha-
3-wall of frozen ground ve been drained to natural mois-
4-top natural waterproof ture state.

layer Compartments isolation has
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became possible in the lack of
waterproof layer thanks to up-
per layers freesizxg.

Excess pressure developed
in compartments allows water
lowering to be carried out in
soils having low coefficient of
filtration.
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ARTIFICIAL GROUND FREEZING IN
SHIELD WORK

Tsutomu Takashi Tokyo Branch, Seiken Co., Ltd.
Shiroh Kiriyama 2-5, 2-chome, Kudanminami
Osamu Akimoto Chiyoda-ku, Tokyo, Japan

ABSTRACT INTRODUCTION

The number of shield works has been Accompanying the increasing and com-
increasing in Japan. For these several plicated shield works, the shield method
years, various work conditions have made in conjunction with freezing of soil has
the shield diameter larger, deepened the been rapidly increasing in popularity in
work place in the ground, and complicated recent civil engineering practice of
the shield works suchas driving of sharp Japan. This paper reports two cases of
curve, jointing of two shields, and so on. them.

This paper reports two examples of
freezing works. Freezing method used for jointing

1--- Twin shield tunnels of upper of two shields were reported by Takashi,
and lower line for two rows of trunk water Kiriyama and Kato (1978)1), where the
supply of 2.4 meters inside diameter were ground were frozen by freeze pipes drill-
constructed at the residential district of ed outward from the tunnel or drilled from
Tokyo. ground surface. Authors executed a few

Two shields, 3.55moutside diameter, works of these kinds of freezing after
had already been constructed at jointing that.
point of which the depths of cover were In example 1, authors report about
9.5m (upper) and 25.5m (lower) respec- a new type of jointing, that is, twin
tively, then, slurry shields machines ar- shields of upper and lower line where at
rived at each constructed shield, at an first the lower shield machine arrived
angle of 600. and was jointed, the same was done for

Freezing method was applied for su- the upper shield. Authors then describe
pporting the jointing of shield tunnels, a devised drilling method to pierce both
The ground consisted of loam and water- the upper and lower shields in detail.
saturated diluvial layers called Musa-
shino Terrace Gravel Layer and Tokyo Freezing used for starting of a huge
Gravel Layer. shield was reported by Kiriyama,Ishikawa

(Freezing work period: Aug. 18, 1979 and Kushida (1980)2), too. Though more
- Aug. 20, 1980) than twenty freeze works have been carried

2--- A pneumatic shield, 12.84m out- out already at the departure shaft, in all
side diameter, for railway tunnel, start- of them, the ground of shield driving sec-
ed from the shaft into the diluvial sand tion was frozen.
layer and silty sand layer at a depth of In example 2, authors report about
19.5m in the central area of Tokyo. an initial shield driving in which a

Freezing was used for initial driv- roof type frozen sand wall was formed by
ing of this shield. utilizing diluvial clayey layer and about

(Freezing work period: Sept. 5, 1980 the measured amount of frost heaving.
- May 15, 1981)
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EXAMPLE 1. JOINTING WORK OF EACH TWIN GENERAL OUTLINE OF WORK
SHIELD TUNNELS OF UPPER LINE
AND LOWER LINE Twin tunnels of upper line and low-

er line were already constructed at the
This construction was a part of the depths of 9.5m (upper line) and 25.5m

laying of water mains by the Water-Works (lower line) under the intersection res-
Bureau, Tokyo Metropolitan Government. pectively. Lower slurry shield (diameter

Working area was the Yamanote dilu- 3.55m) arrived at the jointing site at
vial plateau, Tokyo. Ground was composed the angle of 60, and was jointed to the
of Musashino Terrace Gravel Layer and lower constructed shield tunnel, then
Tokyo Gravel Layer. When twin shields of upper shield arrived at the jointing site
upper line and lower line were jointed and was jointed to the upper constructed
to the other twin constructed tunnels, shield tunnel (Fig. 1).
freezingwas adopted, as both a structual Limited freeze pipes with insula-
support systemand an impermeable barrier. tion (0114.3mm) were installed vertical-

ly around the constructed twin shield
Other methods were rejected because tunnels from the ground surface. Espe-

of the following reasons; cially, in order to freeze the ceiling
and floor ground of the tunnel, eleven

-- Dewatering freeze pipes (1-31.7m) were installed by
To lower the water table of water- drilling of the freeze holes run-through
saturated gravel layer is difficult. both upperand lower constr,,cted shields.

Attached-freeze pipes wei installed on
-- Grouting the inside of five rings of segments to

To form sufficient watertight and unify the frozen soil and segments.
retaining wall is not feasible. Around the slurry shield, frozen wall was

formed before the arrival of the shields.
-- Compressed Air Freezing period was 75 days around the

Welding work in the conditions of constructed tunnel and 45 days around the
highly compressed air is dangerous. arrival shield. After formation of frozen

N-value
~ ~ 7: G 0 5k,

koadway I I I

:II, I ' '

IntersectionI

Iun I (-R througI

1 *
Arriving C Aootru ted

4116

Freese. Ipuor 11I Up I i.... -

Plan View )(Longitudinali Section

Fig. I Arrangement of Freeze Pipes
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soil wall, freeze pipes embedded along FREEZE PIPES AND FREEZING PLANT
the route of arrival shields were pulled
up by means of the "thawing and pull up" Type of freeze pipes (0114.3mm) was
method, as reported by Kiriyama, Ishika- "limited freeze pipe with insulation" as
waandKushida(1980) 2). After lower shield reported by Kiriyama, IshikawaandKushi-
arrived, attached-freeze pipes were in- da (1980)2).
stalled on the inside of five rings of To freeze the ground around lower-
steel segments, as well as the constructed tunnel, length of freeze pipes was 31.7m
tunnel. Then, skin plate of the con- of which freezing length was 10.7m and
structed shield was cut out, frozen soil insulated length was 21.0m.
was excavated by pneumatic breaker, and The total of freeze pipes was 80.
cutter plate of the slurry shield was
removed. Then the arrival shield was
driven by jacks again, and tunnel lining
was constructed by welding each skin
plate. After lower freeze work was com-
plated, the upper one was made by using
the same freeze pipes which were pulled -

up to 16.Om beneath the ground surface. Drilled with Casing

INSTALLATION OF RUN-THROUGH FREEZE PIPES

Drilling of run-through freeze pipes
was made as follows (Fig. 2): Pecker (4318.5.)

1- Drilled to upper shield crown with a
casing (4355.6mm) and a pipe (4318.5
mm) inserted in it. qpsng Posi tion

2- Checked the opening position with a Upper-Shield..': (4
pipe (4267.4mm) and attached a packer -

(0318.5mm) inside the shield. Inserted Pipe
3- Cut out skin plate with the pipe (#267.4m)

(4267.4mm) and inserted the pipe .. ling

($267.4mm) to the upper-shield floor
and welded..__ Ona olln

4- Cut out skin plate of the upper- I;*2 6 4in teti
shield floor with a metal-crown Dr1iled with Tricone

andDwelded. sits(0241.8mm) in the pipe ($267.4mm) as ,,,Diln bi29tam

a guide, and drilled to lower-shield Inserted Pipe
crown with tricone drilling bits (0 190 .. )
(0229. Omm).

Tr Cone-bit Grouted Vold

5- Inserted a pipe (4190.7mm) and grou- .22 O.m
ted the space between the pipe Packer (*216. 3=)
(4267.4mm).II

6- Checked the opening position with a sing Position
pipe (4165.2mm) and attached a packer Lower-Shield 165.m)
(4216.3mm) inside the shield. Inserted Pipe

7- Cut out skin plate of lower-shield 0165.2)
crown with the pipe (0165.2mm) and i
inserted the pipe (4165.2mm) to the ed
lower-shield floor and welded.

8- Cut out skin plate of lower-shield 9. pen&0 (ctia
floor with a metal crown (4139.8mm) Drilled with Tricone
in the pipe (4165.2mm) as a guide, ," Drin B.is )
and drilled to fixed depth with tri- ?oeee Pipe
cone drilling bits (0127.Omm). I (0114.3m)

9- Installed freeze pipes (4114.3mm) by Tricone-bite Grouted Void

welding joints and filled void around (4127.um)
the pipes and made measurement of
pipe deviation.

Fig. 2 Installation of Run-through
Freeze Pipe
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The freezing unit consisted of two EXAMPLE 2. STARTING OF lARGE DIAMETER
75KW refrigerators (62900Kcal/h at C.T.- SHIELD
+400C, E.T.--270C) and one 37KW refrige-
rator (41800Kcal/h at C.T.-+400C, E.T.- This construction was the driving
-27°C). of a large pneumatic shield tunnel (dia-

Ground temperature and brine tempe- meter 12.84m) on the second Ueno Tunnel
rature during freezing are shown in Fig- Construction District in Tohoku Shinkan-
ure 3. sen Line (from Tokyo to Morioka) of the

Japanese National Railways. The shield
PULLING UP FREEZE PIPES was driven in the diluvial layer.

The Upper Tokyo Sand Layer and the
Freeze pipes embedded along the Upper Tokyo Silty Layer existed over the

route of arrival shield had to be pulled depth of the center of the shield. Under
up to the level of just over shield crown them, there existed the Lower Tokyo Silty
by means of the "thawing and pull up" Layer and the Lower Tokyo Sand Layer.
method 2). The Upper Sand Layer between the Silty

21 freeze pipes and 3 temperature Layer, filled up with artesian ground
measuring pipes were pulled up before water. To construct the departure shaft
arrival of lower and upper shield. of continuous diaphragm wall under the

road and to secure the space of slurry
REGENERATION OF FREEZE PIPES disposal plant, the primary-excavation

shaft of 9.4m depth was made.
After the lower freezing work, low-

er freeze pipes were pulled up and re- Under these conditions, besides
generated to freeze the ground around freezing, some auxiliary methods for ini-
the upper tunnel. The length of these tial driving of shield with the soil
regenerated freeze pipes became 16.Om cover under shield-diameter were examined.
with freezing length of 10.7m and insu- The were rejected for the following
lated length of 5.3m (pulled-up freeze reasons:
pipes numbered 80). -- Compressed air method at the shaft
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The compressed air method is ex- checked that the strength of silty soil
pensive because the shaft needed a below the center of the shield was suf-
sufficient space to start the ficient and that the pore water did not
world's biggest shield and opera- lie in the sand below the shield.
tional efficiency is extremely bad. Length of freezing area was deter-

-- Grouting mined to be 17.5m to install pneumatic
This is unreliable in strength and equipments which needed 15.5m and not to
water-tightness without aid of freeze the pile foundation of the above
compressed air. mentioned building. As to roof type fro-

Therefore, freezing was adopted to zen soil, thickness of both sides of the
make initial driving without aid of com- tunnel was 4m and ceiling was 4.5m (Fig-
pressed air and to install the pneumatic ure 4).
equipment in the tunnel. Freeze pipes were installed from

primary-excavated shaft in order not to
OUTLINE OF WORK use the road.

Reducing the influence of froait
The influence of frost heaving was heave to the building, authors would

examined before freezing work. This was have installed displacement-absorption
because there existed frost-susceptible holes as occasion demanded.
silty soil below the center of shield and
a 10 floors building with 2 floors under- ARRANGEMENT OF FREEZE PIPES
ground on the right side in front of the
freezing zone. To reduce amount of frost In front of the shaft ---- 16 limited
heavL, the ground around the tunnel, ex- freeze pipes ( I01.6mm, l=14m) with the
cept under it, was frozen, then roof type spacing of 0.8m were installed at the
frozen wall was formed, because authors distance of 0.3m from continuous dia-

_c ')...... '

Sontifluous aiepiraga Wall

(a) Plan View (b) Cross Section B-B Ce) Cross Section C-c
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phragm wall. On both sides of them, 4
limited freeze pipes (0101.6mm, 1-23m)
were installed respectively (Fig. 4-E). (U-2.-/h)

In roof of the above shield ---- On

both sides of roof, inclined limited
freeze pipes (0 101.6mm, 1=17.5m and 0
15.5m) were installed at an angle of 25% 41O - ----
and in the part of ceiling of the roof,

vertical limited freeze pipes (0101.6mm, Uo
i-8.5m) were installed with the spacing
of line of freeze pipes 2m. The spacing 5- 5 -

of freeze pipe was 0.8m in the shield
driven direction. Total freeze pipes
were 178 (Fig. 4-B). Sand(

In front of the shield---- Owing to 0 --
the working area, 27 limited freeze pipes 0 0.3 1.0 1.5 2
were installed in fan shape with the spa-
cing of O.8m at the bottom of the pipes Reciprocal of Effective Stress (W)
(Fig. 4-C).

In and on construction wall ---- When Fig. 5 Frost Heave Ratio of Soil (U=2mm/h)
construction wall of the shaft was built,
built-in freeze pipes (0101.6mm, l=18mx8 4-Results
i=4.2mx34) were installed in it with the At the ground surface (B) and the
spacing of 0.8m to strEagthen adfreezing building (C), amount of frost heaving
between the wall and frozen soil. Upper was less than that of the prediction
3 pipes (50mmxlOOmmsq.) were attached on qs shown in Fig. 6.
the construction wall. There, most of the frost heaving

came out to the primary excavated
PREDICTION OF AMOUNT OF FROST HEAVING shaft because of smallness of over
AND ITS COUNTERMEASURE burden pressurc.

Total displacement of building was
1-Prediction of Amount of Frost Heaving 9mm. As grouting for stabilization of

Undisturbed silty soil (SM) and unfrozen zone raised about 5-6mm (Fig-
fine sand (SF) were obtained and frost ure 7), therefore, only 3-4mm of dis-
heave ratio was examined in an open placement was raised by freezing.
system in the laboratory. As a result Hence, two displacement-absorption
of examination, silty soil showed high holes were installed experimentally
frost susceptibility, as shown in Fig- instead of installation of 20 holes as
ure 5. Authors calculated the amount a countermeasure of displacement of
of frost heaving at the ground surface the building and their workability was
and floor of the primary excavation checked.
shaft (Fig. 6). Contrary to these phenomena, piles
Calculation was based on "Calcula- of primary excavation shaft were raised

ting methodof frost heaving (three di- so much that the measures were taken
nmensions)" by Tobe andAkimoto (1979)4). to support the piles by jacks which

Amount of frost heave at the depth were able to adjust finely.
of pile foundation was predicted to Maximum displacement of pile was
be about 14am. 110mm.

2-Countermeasure of Frost Heaving
1) Control of formation of excess fro- GROUND WATER LEVEL OBSERVING HOLE AND
zen wall by controlling of brine sup- CONFIRMATION OF IMPERVIOUS LAYER
ply.
2) Dewatering of the unfrozen upper Roof type frozen wall was rooted
Tokyo Sand Layer by a vacuum pump. into the middle of silty layer as an im-
3) Installation of "displacement-ab- pervious one. To confirm this impervi-
sorption hole", near the building, as ousness and closure of roof type frozen
reportedbyEnokidoandYamada(1978) 3). wall, 3 ground water level observing

3-Measurement of Frost Heaving holes were installed as shown in Fig. 4.
The level of the ground surface, the

floor of the primary excavation shaft By measurement of change ot ground
and the building have been measured at water table (Fig. 8), authors confirmed
135 days after freezing initiation, imperviousness of silty layer and closure
(Fig. 6). of frozen wall as follows:
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160 1) Before closure of frozen wall, the
rise of water level due to grouting

Swas observed.

(A-A) 2) A few days before and after closure
120 of frozen wall, grouting was stopped

c N. but the rise of water level was ob-
100 served by freezing.

easured 3) The change in water level, when grout-
80 - ing was resumed after closure of fro-

zen soil, was different than that in 1).
560 .

4(

'~~~ Calculatad - ~ 2
~ 2 - 101- Measured

o Calctga d

* 01-- 0-
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Fig. 6 Measurement and Calculation of Amount of Frost Heaving
(at 135 days after freezing initiation)
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600

Amount of Over Flowed Water of d-1
- - -0 (by freezing inside the roof type wail)

0, 00

400.0

* 0

20'30

4W4

Ja.n. Feb,_____

Groutin Gr utng Check Drillin, Dewatering

Fig. 8 Measurement of Ground Water Level
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CONSTRUCTION OF A TUNNEL UNDER A
MAJOR RAIL WAY WITH THE AID OF
TEMPORARY BRIDGES AND V-SHAPED ICEWALLS

Ilkka V~h~aho, Geotechnical Department of Helsinki City, Finland

Teuvo Eronen, Lemminklinen Oy, Helsinki, Finland

ABSTRACT in the walling. Advance tests were

As an alternative for the carried out for the dimension pa-
rametres and to allow for the ex-

implementation of a pedestrian tun-

nel, planned to be built in 1983 tent of thawing settlement

in the northern suburbs of Helsinki
a new support system was developed 1. GENERAL

relying on temporary bridges and V-
shaped icewalls. The tunnel is to It is planned to build a

be driven under a four-track elec- light traffic tunnel 41.5 m long

trified permanent way in busy use. 5.2 m wide and 4.3 m high under a
The uninterrupted passage of trains busy four-track electrified per-

during underpinning work was a de- manent way in the northern suburbs
sign restriction, of Helsinki. The permanent way is

In the freezing alternative, composed of sand, gravel and boul-
use w~ll be made of temporary brid- ders and rests on a sloping bed
ges 21.r metres long, from the Fin- of soft clay varying from 3-6 m in
nish State Railways, which can be thickness. The lower face of the
set up in a matter of hours. In clay is at a depth of 6.5-' m be-
the course of installing the tempo- low the railway and the clay has
rary bridges, it is possible to a water content between 40-85Z
excavate 2 metres deep ditches un- dry weight and a shear strength of
der them, adjacent to the bridge 11-24 kN/m 2 . The bedrock is up to
crosswise to the tracks, to facili- 17 m below ground level in places
tate the insertion of casings for and the tunnel floor is 6 m below
freeze pipes. It is intended to the tracks (Fig. 1.).
drill the casings in a way that the
drillings from opposite sides will 2. CONSTRUCTION ALTERNATIVES
intersect each other underneath the
centre line of the tunnel. The The uninterrupted passage of
walls and floor of the tunnel ex- trains during underpinning work
cavation will be strengthened with was a design restriction. The
a V-shaped "ice trough" formed by following construction alternati-
the freezing process. The complete- yes were examined:
ly dry conditions underfoor will - driving the tunnel by hydraulic
be an added advantage, force

- operating with the protection of
The 1.35 metre dimension cho- a sheet wall

sen for the icewall is in order to - freezing

ensure sufficient stability against
slope failure and bending failure
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Fig. 1. Longitudinal section of the finished tunnel

Driving che tunnel under the
tracks Ly means of hydraulic force
was rejected en economic grounds 1.STRESS (MPC) 3
due to the extremely compact and
almost impenetrable permanent way.
The alternative of using sheet
wall piling to support the excava-
tion was also examined. Construc-
tion of the piling would have to
take place during the night when 10
the reduced rail traffic would al- Z
low the interruption of electric
power supplying the tracks. The
sheet wall would later serve as
the inner face of the tunnel. The 20
slowness and expense of sheet pile
driving as well as the uneven
settlement of the permanent way
due to its mixed composition cau-
sed work on this alternative to be Fig. 2. Typical load-strain curve
abandoned, of frozen clay

3. FREEZTNG 3.12 Shear tests

3.1 Preliminary tests Additional undisturbed sample

3.11 Compression tests borings of the same size as in the
compression tests were used in this

At the initial stage, 15 un- case. The unfrozen borings were
disturbed sample borings, of which compressed to a degree equivalent
14 were clay and one silt, were to existing loading conditions and
frozen to a temperature of -10 0 C. when frozen to a temperature of
The rate of loading was 100-200 -10 0 C were then subjected to a
kN/m 2 /min. A typical load-strain shear test. Normal c,..pression
curve is shown in fig. 2..The tests were also carried out on
tests were carried out using bo- these samples with the aim of es-
rings 50 mm in diameter and 100 mm tablishing whether the shear
in length with a point load strength may be determinded on the
(CBR test) basis of compression tests. The ra-

te of loading was 200 kN/m 2 /min.
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in both cases. Frost heaving was 100 STRESS200(k~
also measured from the samples. 0
Five shear tests and six comparati-
ve compression tests were carried

ou t. 1

It was established in the
course of these tests that there
was a ratio of 2 between the com-
pression strength of frozen clay
under a 10% strain and the shear 20 - -

strength measured from borings. A
frost heave average of 52 was re-

corded.

30 - -

3.13 Compression tests on frozen Z
and thawed samples I-
6dometer tests were carried10fl

out to establish the behaviour of 0 ---
frozen and thawed soil. The samp-
les were first compressed to a --
degree corresponding to conditions
before construction began. The Fig. 3. Typical 5dometer test on a
samples were then frozen to -100C
so as to correspond to conditions three times and compared
when the freezing process has al- th timesman ompare

with a normal Z6dometer testready occurred but before construc-
tion begins. The actual conditions sample.

were then simulated a stage further 5 prei nloading
5 partially unloading

by a tension mock-up corresponding - 10 unloading
to conditions after construction 2 4 and 7 freezing at
but before thawing began. The sam- -I0 0 C
ples were then allowed to thaw and

further loading was carried out to - 3,6 and 8 thawing
establish what would occur after
thawing.3.14 Calculations

The above test pattern was An average 10% strain for the

modified so as to discover the be- frozen clay gives a compression

haviour under strain of clay that figure of-2.884 MPa. Correspondin-

had been frozen and thawed two and gly, the momentary shear strength
three times. Fig. 3. shows an 8do- averaged 1.428 MPa. If the shearmeter test carried out on clay strength is estimated on the basis

that has been frozen and thawed that it will withstand a load for
three times. The same fig. 3. also 100 hours, the figure will be

shows for comparison a normal 6do- 700 kN/m
2 or approximately 53 times

meter test on an unfrozen boring greater that the shear strength ofmte from the sane depth. the clay before freezing. Bending
sample fstrength is estimated at I.OMN/m2 .

Worth noting is the almost
30% strain figure that was conse-

quent on stage one of freezing and The frost heave of the clay
thawing. After stage two of the is 53% on average. There is an
process, settlement was less than 223% after stage one of freezing
7% and after stage three less than 223 afege one f frezin5%. and thawing, 6.9% after stage two

and 6.2% after stage three.
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3.2 Dmensiningnight without interrupting rail
3.2 Dmensiningtraffic. Together with the placing

An icewall thickness of 1.35 m of the temporary bridges, trenches

is sufficient to resist slope fai- about 2 m in depth are excavated
lueadbending failure. A magn under them in order to drill holes

of 200 mm is left for possible frtefez ie Fg .)

frost heaving between the tempora- Due to the restricted dril-
ry bridge and the permanent way.
To prevent large-scale frost hea- ling height under the bridges, bhe

ving in the region of 500 mm, the holes are drilled using 1 m long

excavation and construction work tubes which are welded together
is t ocur btwen sage ne ha- to form a casing. The holes are

wing and stage two freezing as the dilds htte nesc

heaving may then be kept within a hoedrldfomtepose

margin of 150 mm. trench on a line through the tun-
nel centre at a depth of apprcxi-
mately 9.5 mn (Fig. 4.3).

3.3 V-shaped icewall The icewalls form a construc-
tional vault below the tracks so

The uninterrupted passage of that the tunnel may be built in

trains during work on the tunnel dry conditions while trains run
is a design restriction. The use overhead along temporary bridges
of temporary bridges is necessary springing from beyond the excava-
since the tunnel roof is separated tion (Figs. 4.4, 4.5).
from the tracks by a layer of
earth in the region of 1 metre On completion of the tunnel,
thick. the freezing equipment is removed,

filling takes place and the tem-
The most economical alterna- porary bridges are taken away.

tive for supporting the tunnel ex- The tracks have to be inspected
cavation appears to be that of while thawing of the icewalls
freezing by means of freeze pipes takes place and any variations
driven diagonally downwards from due to thawing corrected
ab-ove. The freeze pipes are placed (Fig. 4.6).
so as to form a V-shaped icewalled
excavation at right angles to the 4. SUMMARY
tracks under which the tunnel can
then be laid. The choice of temporary brid-

ges and a V-shaped icewall is for
The V-shape has the following the following reasons:

advantages over horizontal or ver- - rail traffic has to continue
tical freezing: uninterruptedly during work on

- the frozen vault is constructio- the tunnel
nally advantageous - the tunnel roof is to be not

- use can be made of short freeze more than I metre below the

pipes resulting in greater accu- tracks while the tunnel floor
racy and lower drilling costs is to be laid in clay with a

water content
The V-shape has the disadvan- - the V-shape permits smaller vo-

tagae in practice of requiring lon- lumes to be frozen and offers a
ger temporary bridges due to the constructionally advantageous
way the diagonal freeze pipes les- form
sen the working width.

Second stage freezing is sug-
3.4 Phases of tunnel construction gested in order to reduce thawing

(Fig. 4.) settlement. After first stage
freezing, the thawing process is

Construction of the tunnel carried out and then the actual

begins with the placing of tempo- freezing process takes place af-
rary bridges spanning 21 mn. The ter which the tunnel construction
placing of these takes only a few starts. This procedure is based
hours and can be carried out at on the results of freezing tests
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which indicate that the biggest
thawing settlement follows the
first stage freezing.
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NEW FREEZE PIPE SYSTEMS FOR
NITROGEN FREEZING

Rebhan, Dieter Linde AG
Industrial Gases
Division,
West Germany

Abstract - low investment costs
- extremely high and flexible freezing

A number of field and laboratory experi- capacity
ments have been carried out using new - costs for nitrogen as the refrigerant.
kinds of freezing pipe systems.
These systems particularly enable freez- To ensure that this superior technology
ing to be performed in stages. They is economically employed it is therefore
further enable liquid gas consumption to necessary
be minimized. One system is particularly
suitable for shaft freezing while another -to minimize the maintenance times by
lends itself to tunnelling, proper planning of the civil works

schedule and qualified, rapid execu-
tion of the civil works in the protec-

Introduction tion of the freeze zone;

Soil freezing using liquid nitrogen as -to aim at the smallest possible freeze
the refrigerant has been employed in zone volume. This is achieved by opti-
Western Europe since about 1970. Inten- mum design of the freeze zone geometry
sive further development has been pursued taking into consideration the function
in recent years. Confronted with a wide of the freeze zone;
range of in some cases difficult pro-
blems, engineers sought new solutions and -to constantly monitor freezing with re-
also improved freeze pipe variants. The gard to the actual freeze zone bounda -
further developed technology has been ries, freezing time and optimum control
subjected to laboratory trials and in a of the nitrogen supply during the period
number of cases also to field testing.- the freeze zone is maintained and, not
The impartial listener may at first re- least,
gard the subject of "freezing pipe
system" to be of secondary importance. A -to ideally select and adapt the freeze
closer look, however, reveals its signif- pipe system.
icance: the choice of the optimum system
decides not only the technical but also A high standard has been reached in re-
the economic success of nitrogen freezing. spect of the equipment above ground for

nitrogen freezing. Fo- this reason it is
particularly significant to develop freeze

Aims in Developing Freezing Pipes pipe systems in addition to careful plan-
ning and execution to further im rve the

The nitrogen freezing method is charac- economics of the process while sNmultane-
tenised by: ously achieving technological advances.
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New Freeze Pipe Systems System 2

Insulated outer pipe for freezing zones
The conventional nitrogen freeze pipe along the freeze pipe in which it is not

was basically adopted from brine freez- allowed to freeze.
ing and, like the latter method, oper- Advantage : specific freezing
ates with concentric twin pipes (Fig. 1). Disadvantage recooling effect, high

costs for drilling an in-
sulation

out- outt System 3

Structure as System 1, not inner pipe but
outer pipe charging (annular space char-WW tube ging)

o / U Advantage : can be used with rising
- freeze pipe (soil higher

than head)
Disadvantage recooling effect: inner

fro/m pipe degassing

System 4

/ /i / Freeze pipe consisting of perforated
System 1 System 2 lance. Liquid nitrogen is injected di-

rectly into soil.
Advantage : optimum utilization of re-

,let frigeration
Disadvantage : can only be used in porous

/ / ' // 9 9 soils; irregular freeze
- / zone

/ In view of the high refrigeration capaci-
/r ~ube ty of nitrogen and the high costs for

large-dameter freeze pipes and boreholes,
-outwte / , " the diameters have been reduced to 2".
/ / Upipes have been rarely used to date.

tance . The principle reason for this appears to
// // be the higher costs for drilling and fa-

/- brication.
The normal case is for the liquid nitro-

- / gen to enter the freeze pipe at the upper

out/ / end of the concentric double pipe. To
assist understanding of what is said inSystem3 System~ the following sections, this part of the
freeze pipe can be termed the head and

Figure I the part of the freeze pipe at the oppo-
site end the bottom.

Conventional Freeze Pipe Systems The liquid nitrogen flows through the
downcomer,entering the annular space be-

System 1 tween outer and inner pipe at the bottom,
flows through this space to the head ab-

Freeze pipe consisting of concentrically sorbing heat from the soil to then escape
arranged downcomer and riser. Up to three into the atmosphere in the form of a va-
pipes connected in series may be depend- pour. This method is known as inner pipe
ing on the application, charging.
Advantage simple It is known that several freeze pipes
Disadvantage : recooling effect can be operated in series to achieve en-

hanced efficiency. The possibility of de-
gassing the inner pipe, also known as an-
nular space charging, has been often prac-
ticed. This paper does not deal with These
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and other conventional methods. Inner Tube Insulation and Reference
Measurement

Investigations have shown that a consid- The inner tube is provided with a high-
erable heat exchange takes place between quality insulation which largely prevents
the warmer gas flowing out and the liquid recooling of the refrigerant flowing out.
gas flowing in. This effect is evident By means of temperature measurement(T 1,1)
both with inner pipe charging and to a it is possible to specify an efficiency
greater extent with outer pipe charging. level at a random location - and thus a
This heat exchange may lead to the waste local minimum wall thickness. Based on
gas temperatures at the head and the reference temperature measurements at the
temperature conditions along the freeze head (T2 ,1 etc.) the same temperature con-
pipe being incorrectly assessed - with ditions can be transferred to other freze
disastrous results. Cases have existed pipes (T21 2 etc.) without elements (T1,2
in practice when employing annular char- etc.) requiring to be fitted to the latter
ging and with an unfavourable ratio of freeze pipes.
inner to outer pipe diameter of temper-
atures below -130 0 C being measured at the
head in the waste gas - normally reason Harmonizing the dimensions of the inner
for cutting back the nitrogen supply - and outer pipe is of considerable signi-
although the soil temperature had not yet ficance particularly when using annular
reached OC. Such errors in judgement space charging. However, only by insula-
could have fatal consequences since the ting the inner pipe is it possible to de-
freeze zone in the head area is well cisively influence the recooling effect.
formed while it is still inadequate in Measurements reveal that it is still
the soil area. Moreover, recooling of the possible to use 2" outer pipes despite in-
refrigerant flowing out at a specified sulating the inner pipe. A further addi-
waste gas temperature at the head means a tional improvement is provided by plastic
reduction in the freezing capacity and a inner pipes since the latter have an in-
time delay which in turn means an addi- sulating effect in contrast to metalpipes.
tional flow of heat to the system. In Only a small number of plastics have
other words, the freeze pipe cycle is adequate cold resistance however and are,
carrying heat which is not the purpose due to their suitability, expensive.
of the method. Past practice was to insulate the outer
The search for a remedy resulted in im- pipe along those stretches of a freeze
provements through employing inner pipe pipe where it was either not necessary or
insulation (Fig. 2). not possible to freeze the soil. This is

still required in some cases even today
where it is not permitted to tie freeze soil.
In those cases in which for instance an
ice seal is to be created at a certain

Jdepth and it is immaterial whether the
i soil above is frozen or not and the prime

consideration is to save on energy there
j- ,t.. is a more economical method available to-

A. t" day than insulating the outer pipe.
-- The inner pipe is insulated as described

above and a temperature control system em-
n tube x" ployed which does not scan the freeze head
I I ,for the actual temperature measurements

/Ou tu~be but rather measures the waste gas temper-
. ,,, , atures in the freeze pipe at the point

where the planned freeze zone ends. By em-
, • ploying reference measurements, additional

iround , savings can be achieved in the costs for
l" d /, measurement work since it is then only ne-

/. cessary to carry out measurements in part
,/.- /, of the freeze pipes in the area of the

proposed freeze zone. The reference
mea Jrement is taken at the head in the

Figure 2 waste gas and the nitrogen supply con-
trclled on the basis of the original or
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reference measurement. This method enables Cascade Lance
not only the drilling costs to be cut and
savings to be made in the insulation but Particularly suitable for rising freeze
also reduces the energy consumption and pipes and in~ner pipe charging. Barriers
enables the temperatures in the freeze of flexible material form "dms which
zone to be better assessed. delay the return flow of the liquid ni-
The smaller freeze zone which forms in trogen.
the waste gas area is not generally a dis-
turbing factor. One restriction which The ideal design is achieved if the
should be noted is that this method can thinnest possible inner pipe is selected
only be practically employed with inner and insulated. For economic reasons it is
pipe charging and not with outer pipe recommended to use a modular system which
charging. enables the expensive lances to be re-
A further new method is employed for in- used. Elastic discs are fitted to the in-
stance in freezing tunnel roofs. The nor- sulated inner pipe which act as overflow
mal procedure in such cases is to work weirs for the liquid nitrogen and at the
from a head chamber. The problem which same time facilitate degassing. These
usually arises here is that it is neces- barriers are spaced in line with the s]pe
saryto operate with rising freeze pipes. of the freeze pipe, spacing normally be-
In this case the soil is higher than the ing approx. 1 m. This variation enables
head of the pipe. If a conventional inner the inner pipe to be charged without the
pipe is now charged, it is very difficult liquid nitrogen flowing out. The result
or even impossible to monitor and assess is very uniform cooling of the soil and
the waste gas temperatures because the utilization of the nitrogen along the
liquid nitrogen, influenced by the"Leiden- freeze pipe.
frost phenomena",bubbles down and rapidly A further positive side effect compared
runs back from the bottom to the head to the conventional annular space charg-
largely unevaporated without having ab- ing commonly employed is achieved from
sorbed adequate heat. As is known, this the fact that the weak point of freezing
effect can be prevented by feeding in which is in the area of the maximum waste
via the annular space and degassing gas temperature can be assessed visually
through the inner pipe. If this was done, at the working face. By way of contrast,
however, problems were sometimes encoun- the minimum formation of frost with con-
tered regarding the recooling of the waste ventional annular space charging is at
gas mentioned above and insufficient de- the bottom of the freeze pipe, exactly
gassing through the inner pipe particu - at that point where it is most difficult
larly with long freeze pipes and when to assess.
starting up when there is a large develop - The test measurements performed have their
ment of gas. A further obstacle proved to own clear message in this respect (Fig.4).
be the fact that the feed pressures in A further development of freeze pipe re-
the tunnel have to be kept as low as sulted from economic considerations. It
possible for safety reasons to prevent is known that the maintenance time of a
any risk being created for the tunnel freeze zone has a decisive influence on
workmen if there should be an unforeseen the economics of nitrogen freezing. Techn-
fracture in the feed or distributor line. ical and cost benefits are achieved when
An improvement can be achieved here using sinking shafts or driving large-cross sec-
a so-called cascade lance (Fig. 3). tion tunnels to drill and case longprsec-

tions, to provide fewer chambers and to
keep the installation required for freez-
ing out of the working area as much as

ongroud possible. The consequence of this, how-
ever, is that the construction and main-
tenance times for the freeze zone in-

T emperature measurements at a cascade
ine // lance compared directly with measurements

-nrtb obtained with conventional annular space
Msuto n /,charging with a different inner pipe dia-

,/~" 7 K 7/ meter. An obvious factor here is the more
uniform cooling in the case of the cas-

Figure 3 cade lance.

432



"wowsdm Wti

4a'od. Dnce wmuk SPOW p9 rgmq

* ~ *18C 7n i30 604

OMAI

000

I4* 2 Id. , t w-t . I*

433-



This is where the laboratory-tested move- freezin? in staoes in line with the pro-
able freeze pipe comes into play (Fig.5). gress 4 work arid thus to save energy

for maintaining the freeze zone. For in-
stance, boreholes are made down to the

L x , -'',, ,//, ,, final depth and freeze pipes inserted
/ sealed off in line with the level of the

sealing layers (Fig. 6).

Moveabe Freee Pip
alfreeze pip isnpoitioed inlin

oraninet erpe A o b outet

at the point otb fr . 0 0

• 0 ' 0 0 0 a

trozn grosd thenrepo onner tube t s 0

as.rqui'oen d, in ouer tube w

of he0ork ad ten0haredwit niro

0 0,0 0 0 0

0 0 0 0 0 0

Figure 5 o

Moveable Freeze Pipe a f a -the

Tac beenimhe moinenace iean the

able freeze pipe is positioned in line o
with the progress of driving. od

The sleeve is formed by the drill pipesor an inserted outer pipe. A moveable i':''}"

freeze pipe is positioned in this sleeve
at the point to be frozen. The moveable re-
pipe is then re-positioned in the sleeve YA

as required, in line with the progress I
of the work, and then charged with nitro-
gen. cs t ps e t o u
Uater or another fluid trapped in the gap 'and
like annular chamber and frozen at the i 6
start of the operation provides a con- "

tact between the moveabl pe and the
sleeve. Inflatable seals prevent the con-
tact fluid from running out an the gap s c t i f n e
is thawed at the end of the freezingbe p--sgI operation by using, for instance, hot wa-

ter, enabling the moveable imeto be re-
i positioned. Appropriate supply lines are

placed in the respective sleeve.At first glance the system appears to be ...."'l
i rather involved. However, it is undoubted-

ly economic due to the savings in nitro-
~~~~~~gen consumption possible. It is obvious o,,,, oo,

that the moveable pipes require to be
carefully handled. A prerequisite for Figure 6

using this, as well as the following
method,is thatit isatall possible to Freeze lance with seals as might be usedfreeze sections for geological reasons. in shaft construction for instance. En-
Consequently, a method which enables ables step-by-step freezing adapted to
groundwater levels to be dammed by sealing the progress of shaft sinking work.
layers is of interest in shaft construction.
In such cases it is wortwhile considering
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Trials have been conducted with seals in appropriately designed, act as a tie rod
the form of plastic caps which can easily or abutment for the excavation tools.
be cut, punched or burnt through. This Advantageous working is possible if a
enables further sections to be opened starting and finishing shaft are used
and frozen in stages in advance of exca- since freezing can be charged and con-
vation. If this is followed by support trolled for instance from the finishing
work, it is recommended to aim for maxi- shaft while the starting shaft is being
mum economy by means of inner pipe insu- excavated unimpeded. If the drill pipe
lation and reference temperature control. is designed appropriately it can be used

as an outer freeze pipe. The drill pipe
In conclusion, brief reference is made t sections can be removed and re-used
a novel tunnel driving method operating after being exposed. Use of several
with the help of and protected by a freeze freeze pipes is conceivable for larger
zone. tunnel cross sections. Problems are only

likely to be encountered in positioning
The problems associated with the handling the boreholes as accurately as possible.
and operational safety of shield driving
and compessed air particularly in tunnel It should be mentioned at this point
structures near the surface in unstable, that the tunnel driving system last men-
water-bearing and greatly alternating tioned is at present only in the plan-
soils are known. Searching for suitable ning stage and we are not yet talking
alternatives gave rise to the idea of de- about a laboratory- or field-tested
veloping a device consisting essentially method. The aim in presenting this method
of a freeze pipe and an excavation de- and in referring to the improved freeze
vice (Fig. 7). pipes mentioned above is to provide new
Step-by-step freezing running ahead of impulses for soil freezing with nitro-
excavation enables even lengthy sections gen and to illustrate recent developments.
to be economically frozen and thus sealed
and secured. Since the advancing freeze
zone ensures that the freeze pipe is al-
ways adequately embedded, it can, if

Outlet

startng shaft

Figure 7

Novel tunnel freezing method in principle

Use of the moveable freeze pipe arddrill
pipe designed as sleeve and anchor for
driving or excavation equipment.
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STUDIES OF SOIL FREEZING AROUND
A BURIED PIPELINE IN A CONTROLLED
ENVIRONMENT

P.J. Williams Ceotechnical science Laboratories,
M.W. Smith Carleton University,
M.M. Burgess Ottawa, Canada
J. Aguirre-Puente

ABSTRACT

Proposals for construction of re- conditions associated with buried pipes.
frigera ted natural gas pipelines have This paper describes a full-scale experi-
earlier lead to concern about the danger ment in which the thermal regime, frost
of pipe disturbance due to frost heave heave and related effects associated with
and related stresses. There is an imme- a cooled pipe are being studied. The
diate need for scientific knowledge con- facility, in Caen, France, is 18xl8 m
cerning the thermodynamic processes as- and has previously been used for testing
sociated with soil freezing under the road sections in relation to frost action.
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PIPELINE STABILIZATION PROJECT
AT ATIGUN PASS

H.P. Thomas, Sr. Project Engineer Woodward-Clyde Consultants Anchorage. AK, USA
E.R. Johnson. Mgr. Civil Engineering Alyeska Pipeline Service Co. Anchorage. AK, USA
J.M. Stanley, Sr. Civil Engineer Alveska Pipeline Service Co. Anchorage, AK. USA
J.A. Shuster, President Geofreeze Corporation Lorron, VA. ISA
S.W. Pearson Engineering Consultant Lirtle Rock. AR. USA

ABSTRACT settlements in the area have been

closely monitored through the 1981
Atigun Pass is located in the season. Results of this monitoring

Brooks Range. 268 km south of Prudhoe indicate that the ground has r~.rrinc-d
Bay, Alaska. At 1450 m above sea level, frozen beneath the pipe and additional

it is the highest point on the Trans- pipe settlements have been negligible.
Alaska Oil Pipeline. In 1979, two years
after start-up, Alyeska Pipeline

Service Company discovered that a 120-m ......
segment of insulated buried pipe on the
south side of the Pass was experiencing
settlement as a result of thawing of AI! MIN

V AS
ice-rich permafrost. They found that A^n

the unanticipated thawing was caused by o ,,ko-

groundwater flow. During the summer of i h

1980, Alveska undertook an intensive-J
effort to control this groundwater and I. r.' An h, .,g

stabilize this section of the pipeline. Vaid,

Primary elements of the project .
were surface drainage, grouting and
ground freezing. Challenging aspects
included: (1) the remote arctic loca-
tion with its severe climate, short con-

struction season and formidable
logistics, and (2) pioneering applica-
tion of grouting and ground freezing in Figure 1. Route of the Trans-Alaska

a permafrost area. Purpose of the grout- Pipeline
ing was to reduce ground-water veloci-
ties sufficiently to enable subsequent
refreezing of the thawed zone under the INTRODUCTION

pipeline. The ground freezing was done
using a 350-kW (100-ton) portable The Trans-Alaska warm oil pipe-

mechanical refrigeration plant which line extends from Prudhoe Bay on the

circulated chilled brine through 268 North Slope to Valdez on the south

vertical freeze pipes. To maintain the coast of Alaska (see Fig. I). The line

frozen zone after mechanical freezing was generally elevated above the ground

was complete, 143 free-standing heat surface in areas of unstable perma-

pipes (identical to those used in the frost. However, at Atigun Pass, because

thermal VSM which support elevated sec- of avalanche hazards, two segments of

tions of the pipeline) were installed, the pipeline were buried in a special

Ground temperatures and pipe box of insulation designed to retard
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heat t Iow from thi, pipelIine to known typically rubbly and devoid of vegeta-
thaw-unstable support ing materizals. t ion. Winters i n rhli a rea are long ,
Design of t h is box was, based on con- cold and da rk , and summers are short
dut i e heat I low, and cool . Sumrme r runoff results f rom

7In l7, t ,, Ve ir I- lteor ;t 1rtup snosio1t- and rainial I . breakup starts
of ) i. pi i i, iiki )i1pel ) n i n ea rlIy June and freeze-up nccurs by
Si' v ie Cimpaiiv di- s- ce d t hat ai 20-n iid-Septoihe r . Freez i ng i nde x (0 C) for
S egmlOnt of t 11, j nISuI 1,1t od II- i c d Pp' 11) 11 the area is about 4000 degree-days.
rile South 1S ide Of at l' a S S W wa o-
per ine ing sett lIentent . An iflvcst ipgaIt on Suh)suir faceP Conidi t i on s
was inimed f it o 1 vu(ndo rrtAO P to (foirrrI iio
Lt1ie L A iSI' C o Lt his S~t S IemeIIV!It. anfd p I ISb kd~i r t e ( nd it i ons fat the s iIte

1 0r , MPd 13 Ile~ S res 1), ae n. '!Ii rcsu nmar z dTwo primary wo riar

scct ion ot thle Tr ins-Al.iska Pi pe Ino. ,I aci i. I, ColuVial. and flIuv ia I
ma t eiaI, n d (2 ) underlying bedrock.
The uinconsolidaited depos it s are a

SITE MA:SCRI PTION IIIixture of talus , avalanche debris,

g lac ial deposits and stream-washed
Surf ace Condi t ions mati'riq~ls (varying proportions of

boulders, cobbles, gravel, sand and
At iguii Paiss i s Io a te d inr the s iltr) . Th e bedrock is interbedded

AIa s k an Br-o ok s Range' , 268 km south of quartzite, conglomerat ic quartzite and
11,udhoe Bay. At 14 0 m above sea levelI shalec wh ich i s typ icalIly h ighly
i t is the highest point on the Trans- sheared. Trhe depth to bedrock increases
Alaska PipelIine. Remnot' trom distribi- to thle south. P'rior to pipeline con-
tion centers, the area is chiaracteri;'ed struction and startup in 1977, the sub-

by rugged terrain and severe climatic surface was completely frozen and con-
conditions. On t he south side of thle si1deorahie visible ice was present in

pass, t he p ipelI inr" fol lows, ;I Steep t le c oIl luv Iiim. theceby rendering this
narrow valley alonngside streim whii'h material non-thaw-stable. For this

drains t wo steepl%-slopin4 c irqkle rea son . sout-h of Sta. 8825. the buried
basins totalling about 115i ha. IIhe- %-ail - pipe was encased in a special box of
ey s ides a re tVpil I v aIIV Ial AnTh')I-pcrOne insulation designed to retard heat flow
t alIus slopes. Theo gr ouIIn d !IIrf tO ,IsI f ront the p ipe) Im e to thle underlying

o 0 00 00

0t. 0

134 '9i S

N N N N N N N
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permafrost. Flowing Groundwater
From the sloping water table

evident in Fig. 2, it is apparent that Control of the flowing ground-
there was groundwater flow through the water was one of the key elements of
site from north to south. This flow the stabilization project. Figure 3
occurred in both the thawed colluvium shows the conceptual plan developed. As
and the thawed bedrock and was a power- the major source of runoff and recharge
ful agent of thawing. Measurements made was north of the stabilization area, it
at the site during summer 1980 indi- was planned to construct an impervious
cated localized groundwater flow grout curtain at Sta. 8825 to bring
velocities as high as 100 m/day. flowing groundwater to the surface at

Figure 3. Conceptual Design of Stabilization

• -" that point. From there, it would L

_""I ° t
''" 

J ... ..... .P... .... channelized into a system of drai,

a3- ditches as shown. A second grout

curtain was to be constructed at Sta.
- 8830.

' " ' Permafrost Thaw and Pipe Settlement

Fiur"3Cncpainstrumentation installed duin

Summer 1980 enabled close monitoring of
erfsthawing and pipe settlement. Where

thermistor strings were placed close
pipe-settlement-monitoring rods, clo-
correlations between thawing and pipe
settlement such as that shown in Fig. 4
were observed.

Remedial Measures

Figure 4. Permafrost Thaw and Pipe
Settlement Comparison To prevent further pipe setti-

ment and create a frozen buffer zor,-
against further thawing of unstable
permafrost, it was planned to artL

STABILIZATION DESIGN cially freeze back the ground be'i
the pipe through a series of vertlci

By 1980, pipe settlement in the freeze pipes schematically depicted i!
area had reached 45 cm. It appeared Fig. 5. As thawing had reached b,,,!iocL
that the cause of this settlement was north of Sta. 8826, the freezelac I
thawing of the ice-rich colluvium and planned to be done between Start,:
that this thawing had been accelerated 8826 and 8830. The zone to be frozui
by groundwater warmed up by flowing was abouc 6 m wide and extended dc..
along the uninsulated buried pipe north permafrost (6 to 9 m deep).
of Sta. 8825. Objective of the the For successtul ground freezeic.
stabilization design was to halt it was considered necessary t.,,
further pipe settlement, groundwater l ow velocitie: '.

441



pipeline to below 2 m/day. To do this, The thaw bulb was found to define
it was planned to fill voids in the the limits of grout penetration - as
thawed colluvium by injecting well as the groundwater aquifer. Effect-
bentonite-cement slurry grout along the iveness of the grouting was measured by
pipeline. The downstream curtain was to pumping tests, dye tracer tests, and by
help contain the slurry. observations made in groundwater mon-

itoring wells. At the downstream
curtain, a final water table

PIAN differential of 3.4 m across the
curtain was the best evidence of the

•n ocurtain's effectiveness. Upstream of

o I '-oPpein the curtain, groundwater flow veloci-
ties were reduced from about 40 down to
about 6 m/day. During ground freezing,

I * ,,flow velocities were probably less that

S 0 yp this because of lack of recharge in
Type A late summer.

o -- Freeze Pipe Tjo flash floods which occurred

* Type B in June 1980 emphasized the importance

F Preeze Pipe of proper drainage at the site. At the
time of these storms, the existing
natural drainage channels were inade-

6J quate to carry the surface ruloff.

Starting on September 8, 6000 m of
soil and rock were excavated from the

SECTION west and east drainage channels. A flow

crossover was provided at Sta. 8830 by

-" ,% n detwo 1.2-m-diam corrugated metal pipe

culverts.

Active Ground Freezing
Typ Bulb

7v I BDurin g 5  September and October

A 1980, 1.4x1O kWh of heat were extracted
from the ground by a large portable

Figure 5. Ground Frezing Plan refrigeration plant which circulated

chilled brine through 268 vertical

freeze pipes.

CONSTRUCTION

Grouting and Surface Drainage

Between mid-June and the end of

September, i980. s9 me 450 m of cment-
silicate and '70 m of cement-bentonite

grout were injected into vertical bore-
holes along the pipeline between

Stations 8825 and 8830. The cement-
silicate grout was used for rite grout

curtains and the cement-bentonite grout
was used between the curtiins. initial .- , ".
grouting was done at the location of - -

the upstream grout cirt ain 'll. Sti.
8825. It was soon disovered that the Figure 6. 100-ton Mobile Refrigeration
thaw bulb at that location was wider Plant
and deeper than had been anticipated.

For this reason. the upstream curtain Equipment. The refrigeration
was abandoned after (ompleting ot~y one plant used was a large portable unit
of the planned three rows of grout specially developed for ground freezing
holes. Efforts were intensified to (see Fig. 6). As shown in Fig. 7, the

complete a groundliater cutoff at the plant had two different cooling loops
location of the downstream curtain, with a rated capacity of 350 kW. The

Sta. 8829. first stage was the ammonia stage which
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chilled the brine. Heat was removed North e2 Sta. 8827 where the thaw was
from the ammonia by water circulation deeper, both types of holes were nomin-
and air fans. The second stage used ally 12 m deep. Many of the refrigera-
circulated chilled calcium chloride tion holes were also used for grout
brine to cool the ground. Heat absorp- injection during the grouting program.
tion by the plant was obtained by moni- Figure 8 shows a view of the
toring supply and return temperatures ground freezing setup and Fig. 9 shows
tor the plant and each freeze pipe an overall site view.
group. In addition, brine flow rates
were measured directly by flow tests at
the brine tank and indirectlN through
pump curves for the brine pump.

The ground freezing section ex- .
tended from Sta. 882t) to 8830 and in- W

cluded 268 vertical refrigeration holes
providing a total ot 2200 m of refriger-
ation pipe below ground. The system was
divided into 24 groups and was set up

Figure 8. Vie- of Ground Freezing Setup

Figure 9. Sit View

operation. The production ground
Figure 7. Active Ground Freezing System freezing began on September 4. The

sequence of freeze pipe group activa-
in a series-parallel circuit. Figure 7 tion is presented in Fig. 10. Activa-
also shows a typical refrigeration hole tion started at the downstream end and
and control head. The refrigeration proceeded northward. Average chiller
pipes were spaced at I m centers on output temperatures were -22 to -29 °C.
both sides of the pipeline offset Shutdown criteria were (1) a maximum
approximately 1.6 m from pipe center- ground temperature of -7°C between
line. The refrigeration holes alter- refrigeration pipes, and (2) frozen
nated between Types A and B. Type A ground 1.5 m from the line of refrigera-
holes were designed both for mechanical tion pipes. These criteria were checked
refrigeration and to receive a heat at five thermistor string cluster loca-
pipe (described later) after ground tions. Freezeback times are shown in
freezing was complete by penetrating Table 1. Shutdown criteria were met at
the frozen ground about 3 m. The all of the clusters prior to shutdown.
shallower Type B holes were used for At the end of refrigeration, the plant
mechanical refrigeration only. South of had operated 38 days and was estimates
Sta. 8827, the A and B holes were nom- to have extracted approximately 1.4xlO
inally 9 m and 6 m deep, respectively. kWh of heat from the ground. Shortest
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TABLE 1

FREEZEBACK TIME FOR ACTIVE GROUND FREEZING

Total Length Days of Opera- Thaw Bulb
Nomina. CIo-est of Refrig- tion Required Depth at Freezing
Pipel i'. Reirigeration oration To Satisfy Shut- Start of Rate
Statio- i uE_ .! es (M) down Criteria Freezing (m) (m/day)

882h.00 21 114
24 97 31 8 - to .27 - .30

8826,50 21 105
22 9b 19 3 - 4 .18 - .21

8827.5o I5 91

16 91 25 6 - 7 .27

9828,50 1) 91
I 91 24 6 - 7 .27 - . I0

8829,50 3 91
4 91 15 - 16 5 - 6 .37 - .41
5 91

6 92

setting the brine supply tank at a
higher elevation. Also, the refrigera-
tion capacity of the system was limited
by the capacity of the generator which
was used.

Raditor - S

Figure 10. Ret rig,.rat ion Plant and stee .
Group Oper, I. i t Casing

Cemc hem
frczin t :::V 7: l r ' ) 0d was south of the G -C
downst r i ', it ctrtaiir ','h, re 'ho thaw
bulb wan ill r Ind i roundwa te I low EtRW

was minimal. The longest Ireezing t i me
was at t he north vnd where the thaw Propv tene "

bulb was iost ext e nsive. The total Glycol
cumulative heat ext rat ion was about
twice the 1mount calculat ed t 0 Cool and pipe

freeze an idealized Iizmo ne o soiI
around the pipe that is h ni .ide, 7.5 m
deep and 12(0 Ti long. This suggests that
as much as hal t of the heat ext racted
came froin Ilowing groundwater.

The t reezing went well in spite
ol the adverse site conditions. Air Figure 11. Typical Free-Standing Heat
temperatures as low as -16 C cid cause Pipe
certain operational problems with the
plant inc m (in freezing of cooling Passive Ground Freezing
water supplv hoses and irezing of the
cool ing tnwer. .Air lockiing in the To maintain the frozen zone,
uphill (northern) refrigeration pipe free-standing heat pipes (see Fig. 11)
groups w.as also a problem; it appears were installed in all the Type A
t hat thi; ouIit i.,. heen avoided by refrigeration holes. Closed steel tubes
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con tainiIIg al'di .iiiiiou hodl InJ Lepa adt d I :iv approximately 6 m to either side
by a radiator, these were the same heat of pipe centerline.
pipes used by Alyeska in the thermal The free-standing heat pipes
vertical support members (VSM's) which installed at th- conc lInion of active
support the elevated pipeline, refrigeration subsequently tunctioned

Rated heat extraction capacity of throughout the winter to provide
the Alvcska heat pipe is 60 W/m of additional freezing capacity thereby
emhedment. A total of 143 heat pipes enlarging the lateral extent of the fro-
having a total embedded length of 1323 zen soil mass.
ni were installed at the site by October
10, 1080. Tie heat pipes project 3 m
above the ground surface to prevent the I
radiators from becoming buried by local
drilting snow. Figure 12 shows a view
el the completed installation.

1 1

Figure 13. Thaw Depths Observed at
- Thermistor Cluster Locations

Soil temperatures observed diirri:
the summer of 1981 showed crc,;-

thermal performance exceeding expecta-
Figure 12. Completed Installation of tions (see Fig. 13). The maximur,11 d:ptI :
Heat Pipes of thaw in 1981 was only 2.5 to 3 rn

compared with 7 to 9 m in 1980. 1'.
base of the thawed zone remai,-d

PERFORNANCE above the bottom of the pipe and ,
remained at or above the top nf ti,

Ground Temperatures insulated box. There was no evidence -,
thaw beneath the pipe nor was ther(

The : h,: ial performance of the evidence of water flow withii , i
remedial methods used to stabilize the the box as was the case b, iere
pipe was inferred flrom thaw depths repair activities began. Since tb la
determined through analyses of local pipes began functioning -s air temp ;-a-
soil temperature measurements. The tures dropped during Septer,,l -Si.

potential consequences of additional the soil above the pipe was es,, "
pipe settlement dictated that the refrozen to ground surtace
subsurface thermal regime be well do- end of September.
fined. Consequently, 65 thermistor
strings were instal led in the repair Pipe Movement
area during 1080 and eleven additional
strings were added for more detailed Settlement monitoring: ,:
information in 1981 . Ground tempera- installed on the pipeline in tI,
tures were monitored on a weekly basis stabilization area starting in I, '

during the summer months and on a Summer 1981. 16 rods had been r'l,,
monthly basis during the remainder of at a maximum 15 m spai,0c. '
the year. summer months, rod ,I, vat . o -

The ground temperature data checked by a weekly level sure,\.
indicated that the active refrigeration Figure 14 shows some tvpi'
was effective in establishing a zone of for one of the rods. During 1980 Hpr :
frozen soil beneath and alongside the to the ground freezing), al I
insulated box. This frozen zone ex- showed a similar trend loY,].
tended vertically from the ground sur- groundwater flow cycle:
face to the original permafrost and lat- settlement in June. rontin;.i I I
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through July and August, and leveling
off i r September. Pipe settlements
observed in 1980 ranged up to 13 cm and

rates approached 8 cm/mo. As can be
seen in the figure, pipe settlements
during 1981 were negligible. This
provides persuasive evidence that the
1980 pipe stabilization efforts were

successful.

Figure 14. Pipe Settlement vs. Time at

Sta. 8828
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ARTIFICIAL FREEZING OF SOILS IN
A BASE OF HEAD-FRAMES
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2ig.I. Diatram of rae head-frame ba.ie: I-oad-frame; 2-soil-ice-
casing; 3-snaft lining; 4- freezing column.

temperature was measured,was iimi- I'emperature epures snow ( 'ig.2-4)
ted by a Uupth of 3.5m. fro a Ghe the nonuniformity of temperature
snaft wall.,icn uai6,uhe point distribution with the depth of
removeat from the wall,whe.e tem- soil-ice-casing ana in plan.It is
peracure of soil was measured was characteristic tnat temperature
located at 0.5m. from freezing co- droppeu down with the changing of
lumn axis. aepth,and tae lowest temperatures
Below measured temperat.ures axou- were observed at the depth of 55m.
nd the shaft at cne most iuportant uca distriution of temperature
moments are given.3uch moments we- is quite naturally;it is explained
re: Octooer 24,I9/d (end of acti- by convective neat exchange be we-
ve freezing); .ay 25,19/9(thawing en rock soil and the air circula-
of the soil-ice-casing uegan as ting in tne 6naft.tt is more dif-
it was registered by thermometers) ficult to expldin nonuniformity
1tugust,I8,i97/9 (the moment of pra- of temperature distribution in ho-
ctically complete thawing of fro- rizontal plane.Jne _temperiture dif-
zen soil). ference was here -°40C.
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__ -6 2 -.8 4.7 -M.1 -1.3 -0.3. -80 -8 -,.-.41 6 -.

-L . :.6 -7.- - .19.2.3 -. 1. 0 1.6 ..1 -4.0

2i6.2. ieasured temperatuures around tae shaft at the enan of
active freezing (October,24I,18).

a 1-3 .Y9 29-74

-0.5 -0.5 .5-1.2 -LO 0 -L t -1e -on id1 a-0 6 -0.6 -0.

O~~r~L1LI -084 ~) 5

0.3 03-030 I O =

-0.4 -0.2 0 -1.9 -0.6 -1.9 -2 -2 -2 L

-1.3 -1.3-13 -2 "i.6 -21

A63 'Ieasuxe2 tamI eatur at the beginning of thawing

'acka nonuiif ormity' of uamp eratture t.J.n te o a ideabiLe ou~tf or-
is tnu most dangerous at tbe mome- miy o0 seuemen as no een
nts of it transfer through zero observed; and this fact can be ex-
point,because it can Do the rea- plained firstly by weak heaving
son of nonuniforn settlement and of sands and their comparatively
keau Ir ±me tilt. not high ueformation while thaw-
In spite of the revealed nonuni- ing,and secondly oy the distribu-
formity of temperature distribu- ting funotion of the upper 25 me-
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ter layer of Lne aonfr'ozen clay so- eu, results of ooservationagiven
il.Oservations of neau-frame uefo- in Fig.5,made it possible to rep-
rmationsin tUe sAaft were control- resent how tae aeal-frame ueforma-
led by moans of levelling special tions proceeded in the process of
marKs installea on (he otaide of soil freezing in it base and the
the neau-frame wall. following thawing.

I- 3 I .YL 2- 4
it -0.2 -0.3 -0.3

0. 0."9. .$~ u.9 u0. u.

-. 5 -0.6 -.,
0.3 0.5 0.5 0.2 0.2 0.2 0.5 .5 0.5

0.5 0.5 05 0.6 0.6 0.6 -710 0.5 0.4 0.4

-40m

0. .0 . -0.1 -0.2 -0.2

.II

-0.5 -0.2 -0.5

" - 0.3 U.3 0.o 3

ii.i. ,easurea temperaures at rne ena of unawing (Au5u6t,ld,
19?9)"

RPY 0am

Rpn - f

-10
Rpnl zo

zzz

0

-10

-3,

Fit. 5 . Iti'tical auvormations of ie neac-frwne.
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£0 ouir opinion it is po;.oible to momuters installed were dee peneC
picKc out some cilaracterissic pha- to tile aepth of 33~m. into tne so-
ses of a±eau-framne deformation: ils,adjacent the suaft wails.So,

-iif tiag(miczolif ti,-) the temparai~ure of soil-ice-casing
-primary 6eLtlement Nas controlled only on the inside,
-staule po~ition fromn the axis of freezingr columns
-6eut-lement aue to tnawing to the shaft wail.
-6table position. faking into account the water con-

Liach of tiie aouvenioted phases is tent of sands it can ue supposed
Qonaitiunea by Lsue processes -waicha uhat after the period of active
Uaze place in rhe soil ar)und Uiie freozing (..,3)thawing of soil-
6naft witni their freezing and tha ice-casing beean on the outside,
win6,ana uy Lae effect of hlead- whezeas the minie was cooled by

frame weihLit,accin , as a load on winter air.AInd uhis 'act enuailed
sile soilSus1 base. tae secul, mcnts during tae p~eriod
iaiiroiiftin,; o: Leaci-frame can ue from the aiukdle of 3ieptember till
uxpliuea~ Uy livaving of' SanasQ QLU Decernter,I9?8.
rint; Lneir freeZing.IifEsinig was Non-unifurm uefortiacions of case
no Y igiole and has uhe maiu were she most uangerods for the
value - 10 mui.(frot he observa- stability of iiead-frame.fine preli-
tionas of one of suie points). minary calculations saoaed that

JIfin of uad-fzame ~Uen was thz tilc of aeati-frame founuation
eqiiioaued oy primaary 6ettlement due to the setclement of ua~e hvui,
iaucea oy wie conaoiiuation of ile it thawing can .oe U.003. And
cia *y sui..z aujaev tile action of ue U-005 was; ca,&tn as Una ue~ign va-
.veignt of Liie aeau-fvame uju lue ,ccounting Lunforeseen factors.

.rec6QU.In Lshe avera.-e (;i sett- ilie control of iieau-frime def or-
1,lumnt was ie-15 ma. CLrom trie ob- macionu 6iio, ec chaL Lav aotual til-
6ervatiuns of ali points).Then 55,cauiseu Dy rion-uflifiru zc6 e-
tSii paja of. "eod-frame staule p~o- ment of: ua.~e,JNee muon Len tan
sitjiil cam~ .viui ciie 6 il-ice-ca- lhe uesi5 I 'YJ.Le ;1 iiun tilt-
eint; formed compleueiy.After acti- C. 0v/' wa.s 6taueu duirin6 the peni-
ve fzi of ._oi.sz iheir -i-adual ad of tne mlaxiimIum sesuiemInt OVih

54.In ue_ .n u~e to Lae iieat co- u heic,.a of iicau-f1rame 4Or.3ach
uiig sr"ULi tue 'hafCt an'i Zvom tilt coulu Give eise to aevi,-5tion

Uu Sluvudind 1: oci MaaLsif * ri of 36M. I'oL. the v. rtical upper
116 ":U6 L)1" tile aximum settle- point of aead-fvame. nowevez' with
ailcat .va6 oU6srteu.i2or insitance, SIlu Z"f.Irlnr unaasvin sIu ",raunal
tone relutive paft of settlement Ii,,inijhiug of ciiz up to U.O0U055
u to Laawing wa6 jZ mm. (from to place.
1ue observatio:ns of thle point .3o,Giie srutiement of head-frame
but shetota maximum seteeY due to soil-ice-ca_ in6 Uhaving
ea 44 aim. :.ien t~atenuation uai3 practically uniform.

of uciormations was ooserved and -. ualysis of control uata of soils
head-frame took it staie position. in a Dase and aad-frame stability
Here some disc,:epancy shouid be permitted Cc maiea conclusion sUt
noted snat appeared from the cam- it i.- ziit~aule and tec~icaLly pos-
parison of tamperature ana def or- sible to usea tne proposed construe-
wazion uata of Liaad-frame.3o,irom tio n ciojynorrangtne
sune uata of levvlin6 tihe maximum parallel opdrations of artificial
seutlement of neu,,-±rame too& pla- frk-eZiI-~ oI Soils ana mine shaft
ce froim the miudie of ~I-eptember sincing and erection of permanent
up to -jecauer,197d; anu tempera- heaa-frame at shie same time. The
ture ",ta siio.%ed Whe f'rozen state u:;e of daerial Zveuzing miae it
OL isuil in a oase of uaad-fraae. pa.-ible so avioiai the conziaerable
aIie fotivwvint coc~uistorns can De deformat (oos of structure due to
GUe reason of' Ucil Uisceepancy. f~rObt Lieaving and the subsequent
f±ie GLuic~ness- of' ooil-ice-caiing .;sIemtunt of clay soils in tae
wall accoruind to dreliminary cal- du,pez layers of ua~e. Cryogen and
cuiatiQ1113 Was: Joot / M. .11 is postcrdac~en iiia f i-ri-
4aS LateU ooo~e,iul JVder to 3V,7joi 6areu sanus did not appear to oe a
sne po.~ioi .ie Q I' rzL411ng haLzard to the ,taoiiity of i,:d-
cklumnu, L,au najieo iith rae cvo f rume .)uait.
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The aata receivea indicate the pos-
sioility of promotion the proposed
construction teonnology in other
coal mineB,disposed in the identi-
cal geological conditions.
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KUPARUK RIVER MODULE BRIDGE FOUNDATION
STABILIZATION: CASE HISTORY

A. Christopherson Peratrovich and Nottingham, Inc., U.S.A.

ABSTRACT

The Kuparuk River Bridge on the existing frozen ground within the influ-
North Slope of Alaska is designed for ence of the freezing front.
2300-ton oil field modules which may be This paper describes the design meth-
the heaviest design loads ever for a ods and construction procedures used, the
bridge structure. It is also unique in monitored ground temperatures during and
another way--the entire bridge is founded after construction, and the foundation
on permafrost. Within four months of performance during module moves. By es-
bridge completion, several modules of tablishing a thermistor string monitoring
varying weights were transported, the program, the freezing effects considered
largest being 1700 tons. To adequately in the initial thermal design were deter-
support these large loads and provide mined. Instrumentation performance and
long-term foundation pier stability, a problems are reviewed, and results of
ground freezing program was undertaken passive refrigeration (heat pipe) opera-
to refreeze natural and construction thaw tion designed to maintain frozen soil is
zones below the seasonal river active evaluated.
layer and to decrease the temperature of
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THE EFFECT OF FREEZE-THAW CYCLES
ON THE STRUCTURE AND THE STABILITY
OF SOIL SLOPES

L. E. Vallejo, Assistant Professor, Department of Civil Engineering,

Michigan State University, East Lanting, MI 48824.

ABSTRACT It has been reported by Mackay

(1974), McRoberts and Nixon (1975),
Saturated soils such as cohesive Van Vliet and Langohr (1981), Brown

glacial tills, lake and marine clays when et al (1981), and Vallejo and Edil (1981)

subjected to low freezing rates develop that when saturated fine-grained glacial
a particulate structure, that is stiff tills, lake and marine clays are sub-

lumps of soil surrounded by a reticula- jected to low rates of freezing they de-

te ice network. If these soils form part velop a reticulate ice structure charac-
of a slope, upon thawing a mixture of terized by soil blocks of different si-

soil lumps and water slide down it. A zes and shapes surrounded by a conti-

recently introduced method of stability nuous ice network (Fig. 1). The ice
analysis, the particulate approach, which

takes into consideration the granular

structure of thawing slopes involves b) C)
four soil parameters in its analysis.
They are: 1) the soil lumps volume
concentration ratio, C , 2) the angle

of internal friction between the lumps,

4' , 3) the bulk unit weight of the

lumps, Ys I and 4) the unit weight of

the fluid medium, Yw . From field and

and laboratory studies designed to deter-

mine the effect of freeze-thaw cycles ic D* 0soil
on the structure of cohesive soils, it

was found that "te first two parameters Fig. I Schematic

decreased p.' gressively in value with Soil-Iceat c tre at o

the number if freez,.-thaw cycles. The"Depths in ltanGacl
third remalied relativelv constant, as Clays Undr Slty and l acia

did the fourth. In view of the particu- a) foliated or l y b) Res:
late approach of stability analysis, a ticular cr platy, c) angular

decrease in value of the first two pa- blocky (after Van Vliet and

rameters will represent a decrease in loky 1981).

the stability of thawing slopes. Tfere- Langohr, 1981).
fore, freeze-thaw cycles will make the veins forming the reticulate ice struc-

stability of thawing slopes a time- uehvticnssofpto5mdependent process. ture have thicknesses of up to 5 mm
(Brown et al, 1981) and are normally

alligned parallel and vertical to the

INTRODUCTION ground surface. The vertical veins
usually form when ice fills shrinkage
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cracks in the soil (Williams, 1967; on which they move, as shown by Fig. 3
Anderson et al, 1978). The reticulate
ice grows using the water contained in
the soil blocks it surrounds causing ee
their consolidation in the process sol

(Mackay, 1974). This consolidation by
ice compression makes the soil blocks
very stiff. The presence of these stiff - d
soil blocks in the active layer of A

permafrost areas has been reported by
McRoberts and Morgenstern (1973). % .

Upon thawing, soils with a reticu- c
late ice structure will become a mixture /3X

of stiff blocks of soil and water. If A
this mixture forms part of a natural 4
slope, and if a critical depth of thaw r
is reached in the slope, the blocks of Q

soil and water will slide (Vallejo, 1980;
Vallejo and Edil, 1981). After failure, h
the water resulting from ice melting E
will mix with part of the original soil
blocks, and the moving mass will be D C
converted into a matrix of liquid-like

soil slurry (mud) in which dispersed
blocks of soil are present. Therefore, ECO = c-/
when makinig a stability analysis of
thawing slopes, two different stabili-
ty analyses need to be made. The first Fig. 3 Geometry of a Solifluction or
one involves the stability of the slope Mud Flow (after Vallejo, 1981)
at the moment of thawing. During this
stage, the slope at shallow depths The theory for the stability anal;sis
is formed by a predominantly solid of thawing slopes during their two
phase (stiff soil blocks) within which failure stages has been developed by
a minor fluid phase (water) is located Vallejo (1980, 1981).
(Fig. 2). The second one involves the

Stability Analysis During Thawing

At the moment of thawing a previous-
water ly frozen slope with a reticulate ice

structure can be represented by Fig. 2.
,Soil The stability of this system of soil

Slump blocks plus water has been analyzed by
Vallejo (1980) as follows.

The stress, T , produced by gravi-
ty on the mixture of soil lumps and
water on the plane of failure can be
represented as

t=y i d sin 8

Fig. 2 Particulate Structure During 
mix

Thawing (after Vallejo, 1980). = [y (1 - C) + C ys d sin 6

stability of the failed soil mass. Du-
ring this stage, the moving mass is = [Yf + (Ys - Yf) C ] d sin 6 [I]
formed by a predominantly semi-fluid
phase (mud) and a minor dispersed solid where d is the thickness of the s1-
phase (small blocks of soil). The fqi- ding mass, C is the ratio of the vo-
led mass, according to McRoberts and lume occupied by the soil blocks and
Morgenstern (1974, see their Fig. 3) the volume of the whole mass, y is
and Chandler et al (1976, see their s
Fig. 13), forms solifluction lobes or the bulk unit weight of the soil blocks,
tongues, the free surfaces of which Yf is the unit weight of the fluid
have larger inclinations than the bed medium (equal to that of water at

456



the moment of thawing), and 8 is the where, h is the average thickness of

inclination of the plane of failure, the lobe, a is the inclination of the
The shear resistance, s , to fai- lobe's free surface, c is the undrai-i U

lure is given by the following expres- ned shear strength of the mud, and the
sion rest of the terms as defined before.

If the bed of the mud-lobe has a
s- Y) C d cos tan ' [2] low inclination (B 8 0), Eq. [4] be-

comes

where 4' is the effective angle of in-
ternal friction between the soil blocks. Ymix h tan a = c

At limit equilibrium conditions,
by combining Eqs. [1] and [2], the cri- An analysis of Eq. [5] shows that
tical slope inclination at which move- the stress causing the movement of
ment will just take place can be obtai- solifluction or mud-lobes on beds of
ned from very low inclinations is a function of

their free surface inclination, the
[(Ys - Yf) C average mud-lobe's thickness, and the

tan a= tan Yf' ] mud's unit weight.
Yf + C(fs - Yf) C

[3] THE EFFECT OF FREEZE-THAW CYCLES ON THE
STRUCTURE AND THE STABILITY OF SOILEquation [3] takes into considers- SOE

tion the particulate structure of the

sliding soil mass and explains well An analysis of Eq. [3] shows that
instabilities on low-angled thawing slo- the critical slope inclination, 8 , at
pes (see Table 2 of Vallejo, 1980) inde- which failure will be initiated in a
pendently of excess pore water pressu- frozen slope that upon thawing develops
res on the plane of failure. Methods a granular or particulate structure
of stability analysis presented by depends upon the values obtained du-
Chandler (1970) and McRoberts and Mor- ring thawing by the soil parameters
genstern (1974) assume the failing such as the effective angle of internal
soil mass of Fig. 2 as rigid-homogene- friction between the soil blocks, 0',
ous-continuous and need excess pore the soil blocks volume concentration
water pressures to explain instabili- ratio, C , and the bulk unit weight of
ties on low-angled thawing slopes, the soil blocks, ys . The unit weight

Stability Analysis of Solifluction of the fluid medium, yf , at the mo-
Lobes ment of thawing can be considered cons-

tant and equal to that of water, Y. "
After failure of the thawing slo- It is shown next, using the field and

pes occurs, the resulting moving mass laboratory investigations conducted by
forms mud-lobes or mud-tongues in which Krumbach (1960) and Wood (1976) on the
stiff blocks of soil are dispersed and effect of freeze-thaw cycles on the
barely float (McRoberts and Morgenstern, structure of cohesive soils, that the
1974). The free surface of the lobes value of the parameters ', C and -y
have greater inclination than the bed
on which they move (McRoberts and Mor- change with the number of freeze-thaw
genstern, 1974; Chandler, et al, 1976). cycles. These changes will make the
The stability of the mud-lobes which stability of thawing slopes a time-de-
usually move at low velocities (2 mm/day pendent process.
to 4 m/day) has been conducted by To facilitate the study of how
Vallejo (1981) using Fig. 3. According much effect the number of freeze-thaw
to Vallejo (1981), when considering cycles has on the value of (P', C and ys
the forces on section ABCD of the mud- forming part of Eq. [3], the ratio bet-
lobe, and at limit equilibrium condi- ween brackets in Eq. [3] is replacei by
tions, the following equation applies

( Ys- Yf) C

ymx h tan (x-8) + ymix h sin 
8 c m =[ ] [6]

ixu Yf + (y - f) C

[4]
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Also, the following two relation- med part of locations on Kent and

ships, easily obtained from Eqs. [l] Clinton Counties in the State of Michi-

and [6] will be used gan. Krumbach made field measurements
up to a depth of 38 cm of the changes

C mix - Yf that took place in soil bulk unit wei-
C i=f[7] ght before during and after one free-
Ys - Yf zing period. He found that as the free-

zing temperatures decreased with time,

and the bulk unit weight of the frozen
S - Y soils (Ymx ) also continuosly decreased

M x f [8] with time. Using the soil data obtained

Ymix by Krumbach (1960), the values for the
parameters m and C given by Eqs.

Krumbach's Field Studies [6], [8] and [7] were calculated for
the dates before, during and after

Krumbach (1960) conducted field a complete freezing period was in effect

studies to determine the changes in in the field. This was done in order
to have an understanding of what was the

bulk density that occurred when satura- effetvo onereezing o on the

ted fine grained glacial tills were pro-

gressively subjected to decreasing free- structure of the soil. The results are

zing temperatures. The glacial soils for- shown in Table 1.

Table 1. Values of Parameters m and C Before and After One Freezing Period
for Soils from Clinton County, Michigan (data from Krumbach, 1960)

Temp. Ymix Yf Ys m C
Dat and Depth3 33

0C kN/m 3  kN/m 3  kN/m 3

Depth: 4 -m

10 Nov. - 1959
(Day before freezing 9 17.05 9.8 17.05 0.43 1
period started)

8 March - 1960 -10 8.53 - - - -

29 March-1960
(End of freezing 11 12.05 9.8 17.05 0.19 0.31
period- First
day of thawing)

30 March - 1960 12 - - - - -

31 March - 1960 2.5 15.09 9.8 17.05 0.35 0.73

Depth: 18 cm

10 Nov. - 1959 9 18.13 9.8 18.13 0.46 1

15 March - 1960 -7.5 9.03 - - -

29 March - 1960 11 11.37 9.8 18.13 0.14 0.19

30 March -1960 12 - - - - -

31 March - 1960 2.5 15.48 9.8 18.13 0.37 0.68

* y was assumed to remain the sameas ymix before freezing started.

** Calculated using Eq. [8] and yf Yw = 9.8 kN/m

*** Calculated using Eq. [7]

* Lowest ymix recorded during freezing period. The low value of ymix was

due to voids or pores present in the frozen soil.
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An analysis of the results of Table first in the fissures and joints. As
1 shows that the values of m and C the time of freezing increased the ice
at the end of the freezing period are in the fissures grew using the water
smaller than those calculated before the trapped in the pores of the intact blo-
freezing period started. Therefore, it cks. During this process of ice growth
can be concluded by means of the above the blocks become consolidated and stiff.
results and Eq. [3] , that if the soil Wood also found that as the num-
of Clinton County, Michigan formed part ber of freeze-thaw cycles increased the
of a natural slope, the critical Incli- original intact blocks of Leda Clay de-
nation that this slope can sustain wi- creased progressively in size, the rca-
thout failing during thawing conditions, son being that as the ice grew during
will be smaller than the one it can sus- the freezing periods, the resulting
tain before the freezing perion started. compressive forces not only consolida-
Therefore, one freezing period caused ted the clay blocks but broke them into
the structure of frozen glacial soils smaller pieces.
to change detrimentally with respect to Using the mercury porosimetry
their stability, technique, Wood (1976) measured the

changes in internal porosity experienced
Laboratory Studies Conducted by Wood by the individual intact blocks of Leda

Clay during 16 cycles of freezing and
Wood (1976) conducted laboratory thawing. Table 2 shows his porosity

studies designed to determine the effect measurement results as well as changes
that the number of freeeze-thaw cycles in the bulk unit weight, y , of the
had on the structure of Leda Clay from intact blocks of clay and values for
the St. Lawrence Valley in upper New the parameter m . In Table 2 two poro-
York State. The Leda Clay used by Wood sities are given for the same total vo-
in his freeze-thaw experiments was found lume of intact blocks of clay plus ice
to contain fissures and joints that di- filling the fissures and joints. One is
vided the clay into small three dimen- the porosity, n , related to the pore
sional intact blocks. When saturated space in the individual intact blocks
samples of this type of clay were subjec- of clay; the other one, ni , is the po-
ted to freezing temperatures, ice formed rosity related to the fissures and

Table 2. Changes in Soil Parameters as a Function of the Number of Freeze-
Thaw Cycles ( data from Wood, 1976)

* ** Number
ns of

Fteeze-Thaw
kN/m 3  

Cyles

0.546 0 - 1 - 0

0.513 0.033 17.91 0.967 0.444 1

0.505 0.041 18.07 0.959 0.447 2

0.498 0.048 18.16 0.952 0.448 4

0.475 0.071 18.55 0.929 0.453 8

0.460 0.086 18.85 0.914 0.457 16

* C calculated using Eq. [9] C = 1 - ni

** Calculatod using Eq. [6] with yf = = 9.8 kN/m

*** In Table 2 , n , is the porosity related to the pore space of the intact

blocks of clay. ni is the porosity related to the fissures and joints space.
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joints space which are filled by ice
that surrounds the intact blocks of grain conoentration ratio, C
clay. Also, using ni it can easily .66 .62 .58 .54

demonstrated that

C -l-ni [9] "40 0

where C is the volume concentration ra- 
C 0O o

tio of intact blocks of clay. 0
An analysis of the results of

Table 2 shows that as the number of
freeze-thaw cycles increases, the vo- 30

lume concentration ratio of the intact
blocks of clay, C , decreases. The bulk

unit weight of the clay blocks slightly
increased and the parameter, m , stayed o
relatively the same. Next it will be 2
shown that the angle of internal fric- 20- otion between the blocks of clay, ' , 0
is directly related to the soil block's 0
concentration ratio, C . a

C 0

Relationship Between 4' and C _0_10 . . . -
.34 .38 .2 .8

It is well known from laboratory porosity, n
triaxial compression tests on granular
materials conducted by Bishop and
Eldin (1953), Bjerrum et al (1961),
and Kirkpatrick (1965) that the effect- Fig. 4 Relationships Between 0'
tive angle of internal friction, 4' , n and C for Sands Sheared
of these materials is directly related in Triaxial Compression (after
to the porosity, n , of the granular Bjerrum et al, 1961)
samples during testing (Fig. 4). Since
the grain volume concentration ratio, from an analysis of Equation [3].
C , is related to the porosity (C is
equal to one minus the porosity), 0'
can also be related to C. This has been CONCLUSIONS
done in Fig. 4 obtained from BJerrum
et al (1961) which shows the dependance On the basis of the study presented,
of 4' and n for the case of sands shea- the following observations can be made.
red in triaxial compression. An analysis Saturated cohesive soils that de-
of this Figure shows that the smaller velop a particulate structure when fro-
is the value of C, the smaller is the zen (soil lumps surrounded by ice), tend
value of 0'. to decrease in volume concentration of

Since it has already been demons- soil lumps as the number of freeze-thaw
trated (see Tables I and 2) that the cycles increase. This decrease in soil
effect of the processes of freezing and lump concentration brings a decrease,
thawing and their repetitiveness when during thawing, of the angle of internal
applied to cohesive soils that develop friction between the lumps. If these
a granular structure during freezing type of soils form part of a slope,
(Fig. 1) is to produce a decrease in freezing and thawing will eventually
their block concentration ratio, C , cause the failure of the thawing slope,
it is also expected, therefore, that resulting from the accumulative detri-
their angle of internal friction, 4' , mental effect of freeze-thaw on the
will also decrease. If these soils with frictional shearing resistance of the
a granular structure form part of a slope forming materials.
natural slope, it can be concluded that
the cummulative effect of freeze-thaw
cycles on the active layer of the slope
will be to decrease its stability. This
later implication can be easily deduced

460



REFERENCES McRoberts, E. C., and N. R. Morgenstern
(1973). A study of landslides in the

Anderson, D. M., R. Pusch, and E. Penner vicinity of the Mackenzie River, Mile
(1978). Physical and thermal proper- 205 to 660 . Environmental Social
ties of frozen ground. In: Geotech- Committee, Northern Pipelines Task
nical engineering for cold regions. Force on Northern Oil Development,
Edited by 0. B. Andersland and D. M. Report No. 73-75, 96 p.
Anderson. McGraw-Hill Book Co., New McRoberts, E. C., and N. R. Morgenstern
York, pp. 37-102. (1974). The stability of thawing

Bishop, A. W., and A. K. G. Eldin (1953). slopes. Canadian Geotechnical Journal,
The effect of stress history on the Vol. 11, pp. 447-469.
relation between 0 and porosity in
sand. Proceedings of the Third tnt. McRoberts, E. C., and J. F. Nixon (1975).

Reticulate ice veins in permafrost,
Conf. on Soil Mechanics and Found., northern Canada: Discussion. Canadian
Eng., Zurich, Switzerland, Vol. 1, Georechnical Journal, Vol. 12, pp.
pp. 100-105. 159-166.

Bjerrum, L., S. Kringstad, and 0. Kumme- Vallejo, L. E. (1980). A new approach
neje (1961). The shear strength of to the stability analysis of thawing
fine sand. Proceedings of the Fifth slopes. Canadian Geotechnical Journal,
Int. Conf. on Soil Mechanics and sl .17, pp. 607rnal,
Found. Eng., Paris, France, Vol. 1,
pp. 29-37. Vallejo, L. E. (1981). Stability analy-

Brown, R. J. E., G. H. Johnston, J. R. sis of nudflws on natural slopes.

Mackay, N. R. Morgenstern, and W. W. Proceedings of the Tenth Int. Conf. on

Shilts (1981). Permafrost distribu- Soil Mechanics and Foundation Eng.,

tion and terrain characteristics. In: Stockholm, Sweden, Vol, 3, pp. 541-

Permafrost engineering design and

construction, Edited by G. H. Johns- Vallejo, L. E., and T. B. Edil (1981).
ton. John Wiley and Sons, New York, Stability of thawing slopes: field
Chapter 2, pp. 31-72. and theoretical investigations. Procee-

Chandler, R. J. (1970). Solifluction on dings of the Tenth Int. Conf. on Soil

low-angled slopes in Northamptonshire. Mechanics and Foundation Eng., Stock-

Quarterly Journal of Eng. Geology, holm, Sweden, Vol. 3, pp. 545-548

Vol. 3, pp. 65-69. Van Vliet, B., and V. R. Langohr (1981).

Chandler, R. J., G. A. Kellaway, A. W. Correlation between fragipans and

Skempton, and R. J. Wyatt (1976). Va- permafrost with special reference to

lley slope sections in Jurassic stra- silty Weichselian deposits in Bel-

tta near Bath, Somerset. Proceedings gium and northern France. Catena,

of the Royal Society of London, Se- Vol. 8, pp. 137-154.

ries A, Vol. 283, pp. 527-556. Williams, P. J. (1967). The nature of

Kirkpatrick, W. M. (1965). Effects of freezing soil and its behaviour.
grain size and grading on the shear- Norwegian Geotechnical Institute,

grainPublication No. 72, pp. 91-119.

ing behaviour of granular materials.

Proceedings of the Sixth Int. Conf. Wood, J. (1976). Influence of repetiti-
on Soil Mechanics and Found. Eng., ous freeze-thaw on structure and
Montreal, Canada, Vol. 1, pp. 273- shear strength of Leda Clay. Ph.D. The-
277. sis, Clarkson College of Technology,

Krumbach, A. W. (1960). The effect of Potsdam, New York, 181 p.

freezing and thawing on soil moisture,
bulk density, and shear strength under
open and forest conditions. Ph.D. The-
sis, Michigan State Univ., East Lans-
ing, Michigan, 185 p.

Mackay, J. R. (1974). Reticulate ice
veins in permafrost, northern Canada.
Canadian Geotechnical Journal, Vol.
11, pp. 230-237.

461




