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PREFACE

The Proceedings of the Repair, Evaluation, Maintenance, and Rehabilita-
tion (REMR) Research Program Workshop, 'New Remedial Seepage Control Methods
for Embankment-Dams and Soil Foundations," were prepared for the Headquarters,
US Army Corps of Engineers (HQUSACE), by the US Army Engineer Waterways Exper-
iment Station (WES).

The workshop was conducted under REMR Work Unit 32310, '"Remedial Cutoff
and Control Methods for Adverse Conditions in Embankment-Dams and Soil Founda-

tions." The REMR Overview Committee consists of Mr. James E. Crews and

Dr. Tony C. Liu, HQUSACE. Mr. Arthur H. Walz, HQUSACE, was Technical Monitor
for this work. The REMR Program Manager was Mr., William F. McCleese, Concrete
Technology Division, Structures Laboratory, WES.

This workshop was organized by Dr. Edward B. Perry, Soil Mechanics Divi-
sion (SMD), Geotechnical Laboratory (GL), WES, under the supervision of
Mr, Clifford L. McAnear, Chief, SMD, GL, and the general supervision of
Dr. William F. Marcuson I1I, Chief, GL,

COL Dwayne G, Lee, CE, was the Commander and Director of WES at the time
of the workshop. Dr. Robert W, Whalin was Technical Director.
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CONVERSION FACTORS, NON-SI TO SI (METRIC)

K UNITS OF MEASUREMENT
:
¢ Non-8I units of measurements used in this report can be converted to SI (met-
P ric) units as follows:
y Multiply By To Obtain
acres 4,046.873 square metres
: acre-feet 1,233,481 cubic metres
! cubic yards 0.7645549 cubic metres
™ Fahrenheit degrees 5/9 Celsius degrees or
.' Kelvins*
d feet 0.3048 metres
feet per second 0.3048 metres per second
gallon (US liquid) 3.785412 cubic decimetres
b gallons per minute 3.785412 cubic decimetres per
k: minute
1 horsepower (550 ft-1b 745,699 watts
* per sec)
3 inches 25.4 millimetres
- inches per second 25.4 millimetres per second
{ miles (US statute) 1.609347 kilometres
oy pounds (force) per inch 175.1268 newtons per metre
. pounds (force) per 47.88026 pascals
:: square foot
; pounds (force) per 6894,757 pascals
- square inch
%: pounds {(mass) 0.4535924 kilograms
P square feet 0.9290304 square metres
square vards 0.8361274 square metres
tons (2,000 1b, mass) 0.9144 kilograms

: * To obtain Celsius (C) temperature readings from Fahrenheit readings, use
" the following formula: C = (5/9)(F - 32). To obtain Kelvin (K) readings,
! use: K = (5/9)(F - 32) + 273.15.
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CONTROL METHODS FOR FMBANKMENT-LAMS AND
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SR INTRODUCTTON
KN
i
b
) The Repair, Evaluation, Maintenance, and KRehabilitation (REMK) Workshop
nF
-;.,-:. on "Nev Remedial Seepage Control Methods for Embankment-Dams anrd Soil Founda-
::‘:: tions" was held at the US Armv Fngineer Waterwavs Experimert Station (WES) on
N .
AN 21-22 October 1986. The workshop was sponscored by REMR Work Unit 32310
o
: entitled '"New Remedial Seepage Control Methods fer Imbankment-Dams and Soil
<o Foundations."
e The purpose of the workshop was to etimulate exchirre of ideas and
A
; information amone leading practitioners, and to provide an authoritative
'.d review of the state-of-the-art for potential uvsers, priparilyv those within the
e federal government,
.'.-‘
-.'.';-.: The workshop was attended bv SR people from the Corps of Fngineers,
-‘J‘-_'. 3 .
:,-_; Bureau of Reclamation, Tenneccee Vallev Authority, Soil Conservation Service,
‘N
‘ and private organizations. A list ¢f attendees is given on the {ollowing
'_:./' page. Presentations were made on grouring, f{lexible membrane linings, drain-
-,
.f-f_.‘- age measures, iet grouted cuteff walls, reinforced dounstream berms, plastic
LY
-.;-\' concrete cutoff walls, and ground freezine. A copv of each written lecture is
”r A!'
) included in these Proceedings. A videc tape of the workshop, including the
:. pane! discussicen, is available from the WES I.ibrarv.
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REMR Workshop on New Remedial Seepage Control Methods for :
Embankment~-Dams and Soil Foundations :_f

Vicksburg, Mississippi 21-22 October 1986 '

FTS Phone Commercial .

Name Organization No. Phone No. 2

Herbert C. Albert, Jr. New Orleans District None (504) 862-1003 ::\
Leroy Arnold Little Rock District 740-5055 (501) 378-5055 :&:
Dwayne Bankofier NPD 423-3868 (503) 221-3868 E;E_
Timothy L. Beauchemin  NED None (617) 647-8365 -
Dewayne Campbell BuRec, Denver, CO 776-6067 (303) 236-6067 iv
Lawrence H. Cave, Jr. LMVD 542-5897 (601) 634-5897 ;?i
Robert Chamlee SAD 262-6704  (404) 331-6704 o
Randy R. Childress SCS ~ Jackson, MS 490~5035 (601) 965-5035 fév
Edward E. Chisolm Vicksburg District 542-5638 (601) 634-5638 ;p
Jerry Christensen Portland District 423-6456 (503) 221-6456 :E
Frank T. Cousin, Jr. SCS - Ft. Worth, TX 334-5445 (817) 334-5445 ::
Erwin Curry SCS - Jackson, MS None (601) 965-4419 2
Sam K. Darnell SCS - ~ackson, MS 940-4423  (601) 965-4423
Charles M. Deaver Little Rock District 740-5604  (501) 378-5604 ,’.‘E
Harold G. DeShazo SCS - Jackson, MS 490-4431 (601) 965-4431 :E’
Clarence Duster BuRec, Denver, CO 776-3892 (303) 236-3892 A
Marshall Fausold Pittsburgh District 722-4123 (412) 644-6123 .

Rick Ferguson Kansas City District 758-5560 (816) 374-5560
Ken Gravbeal Seattle District 466-3712 (206) 764-.712

Billy P. Hartsell SCS - Jackson, MS 490-5191 (601) 965-5191 \
Lynn Helms Vicksburg District 542-7207 (601) 634-7207 &;
James B. Hvland SCS - Ft. Worth, TX 334-5242 (817) 334-5242 Eg%
Ber Kelly OCE 272-0207 (202) 272-0207 ‘
M. Kenneth Klaus Vicksburg District 542-7122 (601) 634-7122 gﬁ'
Ben .. lLetak Omaha District 864-4447 (602) 221-4447 ;:;
Morris M. Lobrecht SCS - Ft. Worth, TX 334-5242 (817) 334-5242 S?i
o
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FTS Phone
Name Organization No. Phone No.
Kevin W, Mahon NAD 264-7556 (212) 264-755¢€
Leo Mantei BuRec, Denver, CO 776-3916 (303) 236-3916
Danny K. McCook SCS - Ft. Worth, 1IX 334-5444 (817) 334-5444
Charles H. McElroy SCS - Ft. Worth, TX 334-5444 (817) 334-5444
George J. Mech Rock Island District 386-6288 (309) 788-6361
Chuck Mendrop Vicksburg District 542-5208 (601) 634-5208
Pete Montalbano Vicksburg District 5425627 (601) 634-5627
Ronald A. Nulton SCS - Ft. Worth, TX 334-5242 (817) 334-5242
Richard L. Peace SCS - Jackson, MS 490-5194 (601) 965-5194
Paul Pettit Haliburtoen, Houston, TX None (713) 652-6073
George R. Powledge BuRec, Denver, CO 77€-9324% (303) 236-9326
George L. Sills Vicksburg District 54,2-5631 (601) 634-5631
Hari N. Singh NCD 353-5733 (312) 353-5733
Michael Snyder Baltimore District 922-4771 (301) 962-4772
Andrew T. Soule’ Seattle District 466~3790 (206) 764-~3790
Samuel T. Stacy Vicksburg District 542-5635 (601) 634-5635
David Duane Stagg Vicksburg District 542-5044 (601) 634-5644
Eric Stasch Omaha District 864~-4446 (402) 221-4446
Mel Stegall LMVD 542-5900 (601} 634-5900
James W. Stingel SCS - Chester, PA None (215) 499-3940
Hugh Taylor WESGE 542-3454 (601) 634~3454
Fddie Templeton Vicksburg District 6345727 (601) 634-5727
Robert J. Thomas Haliburton, Duncan, OK None (405) 251-3557
Carl E. Thompson TVA-Knoxville, TN None (615) 632-6897
F. Walberg Kansas City District 758-3454 (816) 374~3454
Bill Walker Alaska District None (907) 753-2683
Frank Weaver LMVD 542-5896 (601) 634~5896
S. Rodney White, Jr. SCS - Ft. Worth, TX 334-5742 (817) 334-5242
Carroll D. Winter Little Reck District 740-5¢03 (501) 378-5603
Bebe S. Yarbrough SCS - Jackson, MS 490-5202 (601) $65-5202
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AGENDA

REMR Workshop on New Remedial Seepage Control Methods

€or Embankment-Dams and Soil Foundations

Auditorium, Building 1006

Waterways Experiment Station, Vicksburg, Mississippi

Thesday
Jet. 21,
1986 Presentations Speakers
8:3J am introduction of LTC Jack R. Stephens, Edward B. Perry, WES
Deputv Commander and Director of WES
8:30 Welcome LTC Jack R. Stephens, WES
8:40 REMR Research Program William . McCleese, WES
8:30 Geotechnical REMR Research Program Gerald B, Mitchell, WES
9:00 Introduction of Workshop Edward B. Perry, WES
9:05 Tntroduction of Speakers Joseph L. Kauschinger
Tuffs University
9:10 Grouting for Ground-Water Control Reuben H. Karol,
Rutgers University
16:10 Break
10:30 Flexible Membrane Linings William R. Morrison,
Bureau of Reclamation
1i:30 Remedial Drainage Measures Walter C. Sherman,
Tulane University
12:30 pm Lunch
1:30 lise of Hydrofraise to Construct Jonathan J. Parkinson,
Concrete Cutoff Walls Soletanche
2:30 Jet Grouted Cutoff Wall Giorgio Guatteri, Novatecna
Victorio D. Altan,
Suelotecnica
3130 Break
4:00 Reinforcement Downstream Berms James M. Duncan, Virginia
Polytechnic Irnstitute
5:00 Adjournment
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Wednesdayv
Ocet. 22, 1986 Presentationns Speakers
8:30 am Announcements
8:35 Plastic Corcrete Cutoff Walls CGeorge J. Tamaro,
Mueser Rutledge
Consulting Engineers
9:35 Break
10:00 Ground freezing as a Construction
Expediencv for Excavating Cutoff
Trenches and’/cr Tnstallation of
Drains John A. Shuster, Geocentric
11:00 Panel Discussion * Joseph L. Kauschinger
Tufts University
12:30 Adjournment

* Panel censists of all speakers.

T R R e A R T e
e e e A e T Y Y T Y, ‘ ‘




e
2

Y

¢

]
LA RN

(]

DAASAA RN

s x i
& '.'."-'.'l 22

-

VIV Yaar

PPN ILAIIPY

-

e
L

L}
oy
N

Pl
L

5N

CROUTING FOCR GROIND-WATER CONTROI

Revnben H. Karol
Consulting Engineer
Professor Emeritus, Rutgers Universitv

Intrndugﬁion

1. Grouting with cement for control of ground water hecome an accepted

construction procedure {n the late nineteenth centurv in Furope and. at the
turn orf the twentieth centurv, in the United States.

. C(Cremical grouting became an accepted construction procedure bhetween

1920 ar 1930, with the successful completior of {ield ijohs using sodium sili-
cate.  The modern era of chemical grouting, which saw the introduction of manv
new and exotic products for field use, begar onlv 30 te 40U vears ago.

3. Preocedures and techniques used with cement grouts were developed
prirmeriiv bv the large federal agencies concerned with dam construction: Corps

of FEneineers, Bureau of Reclamation, and Sail Conservation Service. Predict-

ablv, each of these organizations developed its methods unilaterally, result-
ing in major areas of difference in phileosophy and execution.

4, [t remains difficult, if not imponssible, to assess the effects of

these differences on the success of field work. This is partlv because each

field prc'oct is vnique, and two similar iobs done by different approaches do

not evist. Primarily, however, almost all of the cement grouting is done to

ircrease the sefetv factor against some kind of failure. There are generatlwy

sreuting,

no precise method< of measuring the safetv factors hefare and alter
when failure does not occur. B®v wav of contrast, remedial grouting t(niten
done for seepage contrel) 1s aimed at a specific problem, where failure or

incipient failure eon 2 limited ccale 1s recovnicabie. Croutine either (or-

At .: ]

rerts or fafle to correct the nroblem, and the boacfits of prontineg, s«

Aac the specific nrocedures need, are directlvy mearurable,

Foroany reaconable vardstick (volume, coct, ran-houra, etce.), the

gronting exrervicnce ot the federa’ aperncicae is merwhelming v [0 (e nae of
cement, Thoe atrandard and nractioes nged in cement o groatics o oundite notarally
Were cAarries ey dnto chor o crouting 0o aere. T o thiese ot cduyre s yere
total e Arapprapriate and serverels Timitod the wres e Poseome 0 the o0
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chemical grouting experiences. However, these philosophical difficulties have
by now been largely covercome. Chemical grouting is accepted as a valid and
valuable construction precedure, and the concepts of short gel times, accurate
control of gel times, and sophisticated multipump systems and grout pipes have
been integrated into practice.

6. There are two major purposes for grouting, and any field problem can
be classified in terms of the desired results of the grouting process: (a) to
reduce seepage or to create a barrier against water flow, and (b) to add shear
strength to a formation or structure in order to increase bearing capacity,
increase stability, reduce settlements and ground movement, and/or immobilize
the particles of a granular mass.

7. The term seepage is diiriicult to define quantitatively. The Ameri-
cau Scclety of Civil Engineers (ASCE) Glossary of Terms states that it is "the
rlow of small quantities of water through scii, rock or concrete." This
definition depends cn the iuterpretation of the word "small." Five gallons
per minute {(gpm)* of water entering the bottom of a deep shaft is a small
amount, The same quantity enterivg a domestic basement is a large amount,
Seepuage, then, 1s better defined in terms of the procedures used to eliminate
it, rather than by job or quantity ot water involved. Seepazge control gener-
ally does not require complete grouting of a formation.

b. Creating a barrier against water flow may be done bv grouting spe-
cific individual flow channels, by constructing a grouted cutoff, or by a

grout curtain through scme or all of a pervious formation.

Types of l'low Problems

Y. During the censtruction phase ot a preject, water inflow is consid-
ered 4 problem (and dealt with) only when the inflow halts or retards con-
struction. However, the same amcunt of inflow that is tolerable during
construction may not be tolerable during operational phase o1 the structure.
Seepdge may alsce hegin after construction is compizted, because of the ele-

ments ol the structure that modiiv the normui ground-wvater flow, because of

faulty construction, because o: icundotion movements due to consolidation or

* A table of factors Yor converting won-5i unite of measurement to S1 (met-
ric; units is presented on paye 5.
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earthquakes, and/or because of ground movements from slope instability. Many
times the need for seepage control is recognized in the design stages, and
cutoff construction 1s integrated into the overall! construction schedule.
However, seepage control procedures are more generally carried out after the
structure is completed.

10, Tvpical seepage problems include infiitration through fissures in

rock, through joints and porous zones in concrete, and through pervious soil

strata.

Control of Water Flow

11. If orly a limited number of channels are available for water flow,

F)
«

o

it is feasible and usually preferable to use procedures aimed at individual

[
A A

«f

channels, These are discussed under the heading of ''seepage control."

12, T1f manv channels are available for water flow, but flow is occur-

P

‘l‘;‘l"'

-

ring only through a few of them, seepage control procedures often result in
shifting the water flow from grouted channels to previouslv drv channels. 1If,
in the end, a large number of channels must be grouted, other procedures will
probably be more cost-effective than treating flow channels one at a time.

13. 1If many flow channels are available and flowing, such as in the
case of granular soils or severely fissured rock, procedures are generally
used that attempt to impermeabilize a predetermined volume of the formation.

These procedures .re discussed under the heading "grouted cutoffs."

Grenting Materials

14. The desirable properties for grouts used for seepage control and
for cutoffs are similar. Except tor verv limited special cases, all of the |
grouts used must be permanent., Thev must have adequate strength and irpervi-
ovusness, and these properties must not deteriorate with age or hv contact with
garound or pround water. The greouts must have controllanhle setting times over
a wide range, be acceptably nonhazardous to humans and ecclogv, and be inev-
pensive enough to be competitive with other construction alternatives,
Finallv, thev must have a low enough viscositv or particle size to permit

placement at acceptable economic rates and safe pressures.
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15. Figure | shows a comparison chart of various ground-water control
methods and materials, including commercial grouts. These are plotted agairst
minimum grain size and permeability of granular materials in which the various
processes are effective., The data can also be used to define the minimum
groutable fissure size for fractured rock or concrete. The limits shown in
the chart are approximate, but the relative positions of the processes are
reasonablv correct.

16. All of the grouts shown have histories of successful field use.

The effectiveness of each in terms of penetrabilitv can be evaluated bw defin-
ing the specific formations to be grouted. All of the grouts shown are cor-
sidered permanent, except for some of the low concentration silicates,
Although the various products differ considerablv in strength, all fagailn,
except for some of the low concentration silicates) have adecuviite strength to
resist extrusion from flow channels 1f placed at pressnres greater than the
maximum static head at the point of placement. Recent laboratorv tests give
indication that some of the silicates may not he stable under leng-term, high
staric heads. 1In a series of tests reported bv Krizek and Madden at the
April, 1985, ASCE svmposium in Denver, Cnlorado, the behivior pattern shown in
Figure ? was presented. Silicate grouts generally followed patterns 1| and 2.
Acrvlamides and acrvlates followed pattern 3. The report concludes:

a. The polvacrylic grouts AM-9 and AC-400 show no signs of deteri-

" oration or erosion due to the application of a gradient of 100,
The permeabilitv of specimens iniected with these grouts
remained constant throughout the tests and appeared to be inde-
pendent of the curing time allowed prior to testing or the
average vold size in the soil matrix.

k=2

Specimens injected with the sodium silicate grouts underwent
large variations in permeability during the early stages of
testing, but once the permeability stabilized, it remained
relatively constant for the remainder of the test. The value
at which the permeabilitv stabilized appears to be dependent on
the permeability of the ungrouted soil and to a lesser extent
on the chemical characteristics of the grout. Tu gerneral, it
appears that at gradients between 50 and 100 the maximum lone-
term reduction in the permeability of 2 soil due to the injec-
tion of these grouts is one to two orders of magnitude.

|0

The amount ard rate of grout elutriation appear te be denendent
on the strength of the gel and the amount of syneresis experi-
enced in the grout. The polvacrvlic and sodivm aluminate
grouts, which achieve their maximum strength verv shortly after
gelation and experienced little or no svneresis, showed no =sign
nf grout elutriation when cured for pericds of at least 10 and

12
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30 min, respectively. The silicate grouts require several days
to achieve their maximum strengths and exhibit reductions of as
much as 25 percent of their original volume due to syneresis.
Specimens injected with silicate grouts and cured for less than
one day experienced rapid, and usually complete, elutriation
because of lack of strength. In older specimens the elutria-
cion was a gradual process, and the rate at which the permea-
bility increased was apparently accelerated by increases in the
degree of syneresis.

d. For the silicate grouted specimens in which most of the grout
was eroded, that grout which remained appeared to be concen-
trated at the contact points between the soil grains.

e. Extreme caution is recommended when considering the silicate
grouts tested in this program for use in situations where they
will be subjected to high gradients.

17. All properly placed grouts at time of placement have permeabilities
of 10_8 cm/sec or less. Silicate grouts, within days or weeks after place-
ment, undergo permeability increase, probably due to syneresis, with final
permeability in the range of 10-4 cm/sec. This does not appear to be a seri-
ous limitation when grouting granular depcsits. When grouting rock {issures,
however, syneresis may have serious affects. Recent graduate studies at Rut-
gers University, of which some results are shown in Figure 3, indicate that
the amount of svneresis varies with the catalyst systems (and with other fac-
tors) and may approach 40 percent of the grout volume. Thus many of the sili-
cate formulations may not be appropriate for grouting fissures for water
control.

18. All of the grouts have controliable setting times. Among the best

are acrylamides and acrylates, and among the wcrst are silicates and pheno-

1Y

piasts. The degree of difference between those described as '"best" and those

described as "worst" is not sufficient to remove anv ot them from ccunsidera-

o
V. l.l

tion for field work. All of the grouts pose some degree of hazard to people

! and ecology. Among the best are the various silicate formulations, and among
L)
W the worst is acrylamide. Although acrylamide has been used throughcut the
. werld since the mid-tifties and continues to be used everywhere except Jupdn,
‘ it has teen known for many years that it is toxic and neurotexic. More
F: recently, laboratoryv studies by the manufacturers indicate that acrvlamide is
(8 also carcinogenic. These negative properties obviously forecact a decrease in
R ag
, usage.
N &
t# 19. The grouts that come closest to matching acrylamide's excellent
2
.! properties are the acrylates. Currently, two commercial products, somewhat
P".
Q,
», ‘.
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similar in nature, are available in the United States. One of these is
AC=400, and the other is Terragel. Typical properties of the commercial
grouts are shown in Figure 4. Many of the metallic acrylates can function as
chemical grouts. The selection of the ones marketed commercially is based
largelyv on cost, but alsc on specific properties of the various salts. Since
some ot the salts will increase in volume when changing rrom liquid to solid,
it is possible to tailor products to specific field recuirements. Acrylates
have low levels of toxicity and ecological impact and seem to be the best can-
didates to replace acrylamide.

20, Among the relatively new catalyst svstems for silicates is & prod-
uct called glyoxal., This material has been used in large quantities in Japan
in recent years and also in Europe. 1t has seen little use in the
United States, although it is readily available from several scurces. It can
be used fov both low and high concentration silicate solutions, and with or
without acceleratoers, such as calcium chloride. Limited laboratory studies at
Rutgers tniversity, some results of which are sliown in Figure 5, indicate that
glvoxal tends to give much higher stabilized strength thar other catalyst sys-
fems. However, there appears to be a falloff of strength with time. (This
phienomenon alse occurs with other catalvst systems.) Glyoxal was not among
the naterials checked in the report by Krizek and Madden. More extended test-
ing is needed to determine if glyoxal is the catalyst that will permit effec-
tive v.e vt silicates for seepage control.

2L, The ability of a solid grout, such as cement, to penetrate a fis-
sure cr formaticn is a tunction of the particle size. A& rule of thumb is that
formation openings must be at least three times the maximum particle size to
prevent rapid blinding of the formation. When normal Portiand Cement will not
penetrate, high early-strength cement (a more finelyv grund material) is often

used. Although this change is generally ettective, the depree ot difference

is small, Within the past 5 years a new product., Microfine Cement MC-500, has i
been introduced hy Onoda Cement Co. of Japan. The product and its usage were
detailed in a paper, which appeared in the proceedings »of the New irleans ASCE
Lrouting Conference held in 1982, Figure ¢ lists some «f the phvsical
properties of this product.

2., Manfacturers' data suggest that penetrability ot MC-500 is equal to
that ! acrylumides and acrviates. Laboratory studies at Rutgers University

tend to cquate MU-500 and the silicates, in regard to penctrability.

14
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‘x; ?3. Cement and silicates are mutual catalysts. Fach, in small quanti-
Ei: ties, can be used to gel the other. MC-500 also follows this relationship.
.:H When silicates are used to catalyze MC-500, setting times of a few seconds to

several minutes are obtained. When MC-500 is used alone with water, settings

. times are ¢ to 6 hr. No catalyst system has vet been found that will give
L

aﬁ. raliable cetting times in the 10-min to 3-hr range. This 1is a severe draw-
‘{h back, but pcssiblv one that can be eliminated by modifying percentages of the
L ] MC-3G0 comporents, Currently the cost of MC-500 is high, in the range of the
:;: cherical grouts, As the market grows, and other manufacturers compete, costs
b will decrease significantly,
N
% 24, Based on the data presented above, material recommendations for
. seepage control and cutoff construction are: (a) use Portland Cement wherever
A
»j{ feasible, and (b) use MC-500 and the acrvlates for field conditions where
1'} ordinar. cements will not penetrate,.
)

l‘
'l
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‘TN Grouting Procedures
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{*\ Seepage control
() 25. The earliest studies of seepage control procedures that were fully
e

n documented for the profession were performed in 1957 by the author while in
o

» charge of Cvanamid's Engineering Materials Research Center. Tt is probahle
a0

- that the methods develnped bv these studies had been used as described below

O

or in modified form by others prior to the publication of the results and rec-

\
p- 1 ommendations. If sc, these data remained buried in contractors' files as pro-
D LA
Y . .
b, prietarv information.
e , . .
5? 2. The initial field work in the 1957 studv was performed in a Cana-
, dian copper mine, 250 ft helow ground surface. This was one of the first
Ao
i ™ o
- applicaticrs of grouts cother than silicates in mines. Data on fault zone
Yy locaticrn, <ich as shown on the drift map In Figure 7, as well =2s direct visual
) . .
! observaticn of seepage locaticns were used to determine placing and direction
!: 0f zrout heles. Grouting throuph these holes proved to be completelr ineffec-
L. . - .
o tive in ceducing seepage. This work indicated clearly that the ronte grout
O
‘o would follow (from its injection point to its exit point or fira’ location?
T
:ﬂ eould not he determined with anv accuracv by interpretation ct the ypcoiopic
3' map coupled with wisual site examination., TIn fact, the complexitv of seeparc
J-:'
g
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through a fissured rock mass virtuallv precludes the effective preplanning of
a complete grouting operation.

27. Following the initial mine grouting, a series of lahoratorv experi-
ment s were set up to simulate field seepage conditions. lLucite tubing was
used to represent seepage channels and dril? heles, as shewn in Ficure 8.

28, In one experiment, point B was shut and water was pumped through
point A at a constant rate until equilibrium was reached. The numbers on the
Tires in Figure R show the percent of total flow going through each line.
then the volume pumped through point A was changed and equilibrium again
sstablicked, the percent of total flow going through each line varied as shown
on the table in Figure 8,

24, Other experiments verified the conclusion to be drawn trom this one
that nercent flow was not a direct function of total flow and that the varia-
tion was much higher in pipes with low percentage flows than in those with
hich percentayes,

3, 1t was tound after working with anv given model under a number of
divterent cerditions that sufficient data were available so that the simulated
seepave svetem could be sealed with a preplanned procedure, The required data
tor anv evstem conld be summarized bv the following descripticons:

a. The required pumping pressure to fill all the seepape channels
with vround-water dilution held tc negligihle proportions.

h. The time lapse fror the start of pumpine until the pumped fluid
reaches the end of each seepage channel.

¢. The volume of pumped fluid required to fill 411 the charnels at
the required pumping pressure.

Such data can he ohtained onlv bv a pumping test. It cannet be obtained bv
visual examination even for verv simple seepage svetems, because the addition
ot external pumping nreseure, which will be required for grouting, changes the
Paracteristice of the <eepage svstem,

31, lLab work and field work both indicate conciusivelv that when pres-

aure conditinne within a seepage svstem are changed, the verv small leaks are
mie b otere atfected than the larpe ones., Thus, it should he expected that a
fleld pre-ping test will reveal leak< which were not flowing under normal

et tis herd conditions,

The labhoratory ctndies showed that at some peint within a seepage
svaren the euternal fluid pimped mixes with the internal fluid (in field work,

thie mesne ot wanid mis with greand waterdy. At smal, purping velumes it




should be expected that somewhere within the seepage svstem grout will be
diluted with wround water to the extent that it will not gel. As the pumping
volume is incredsed, the detrimental dilution will decrease. Under both con-
ditions, the grout tends to tlow toward and into that portion of the seepage
systeT rarthest (rour the source of ground water supplv,

33. The laboritorv studies pointed the way to techniques, refined by
tield experimentation, which work well in stopping seepage in tractured rock
and which are also usetful in treating fractured and porous concrete. The
technique conosists or tirvst drilling a short hole that will intersect water-
bearing tissures and cracks. holes are drilled in the simplest fashion, otten
by ‘uackhammetr. bry holes ire generally worthless and should be abandoned.
wet heles (holes that strike water) are generally useful and are dye-tested as
seon as conpleted,

34, The Jdye test is doune with the grouut plant by pumping Jyved water
through a packer placed at the collar ot the wet hole just drilled. The dye
concentration must be catctully controlled, so that if ground water dilutes
the dye beyond the point where similar dilution would prevent the grout from
gelling, tho dve cannot be seen. Pumping pressvres should be kept well below
the pump capacity. It these criteria limit the pumping rate to less than
I gpu, it may be best to abandon the hole and drill a new one. (The rate
noted is approximate and mav well vary from job to job. At some low rate for
each specitic :ob, it will btecome econcmically more feasible to drill new
hules to find higher takes rather than to treat tight ones. Job experience
wilt soon dictate which wet holes need not even be tested.)

35. When the dye test begias, the adjacent wall area is carefully
witched tor evidence of dve. When dve is first seen at any point, the time
since the start of pumping is noted as well as the pumping pressure and rate.
Dve tests mav be stopped when dve appears at one point or may be countinued
unt i1 a number of different locations show dye. (Generally, the points where
dve appears are in areas which are already wet or flowing. T1his is the
assumed congition in the discussion which follows. It dye appears onlv in
areas tnat were dry prior to the dye test, thie hole should be abandoned.) For
ei~h point, time, pressure, and ra e are recorded.

3¢, Lbvery time dye appears, this indicates that an ¢pen seepage channel
¢xints between the packer and the point where dye appears. The exact location

ot the channel within the rock mass is net kncwn, but it the drill hole being
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“de water, thien the established channel must reach Inte the water

somewhere. Ttherefore, the hole is worth gronting.
{7, The tire recorded for the appearance of dve {is thte maximum gel time
tiat can he used to seal that particular channel. 1f lenger gel times Aare
nwed o rhe prout will rur ovt of the leak before it serc., 11 the time is
choert, o the order of 5 to 10 sec, this mav be toc short 3 ge! time to handle
resdilyv,  'he effective time can be lengthened bv lowering the pumping rate.
This [« 2 necessarv step when attempting tn seal a rumher ot zonex from one
hole and one of the zeones has a verv short return time.
18, TIf the return time is long, sav 5 min or more, '+ car he shortened
bv increasing the pumpire rate. This will generally raise the punping pres-
snire and mav therefore not he feasible if allowable workirg prescures would be
excecde. Tt is usually not productive to treat holes that show retnrrn times
ot o oand more when holes with sherter return times are available.

tv, Metering parps are highlv desirable for dealing with ceepage prob-
feme S et ke dve tests and the actual groutipg. Onece 4 hale has been
it has been determined that gr»:iing i1s in order, the
secn s tion lines mav be awitched directlv from the dved water tanke tn the

sront ranvs, Ive mav alse be used in the grout, a color differeat from that

ety s teating,
. Ten numning begins, the pumping volume shtould ke hroueht as
stk e poseibhts e that used during the tests, and the prout {teelf should

have nopel tire o about three cvarters of the previouslv recorded return
vice. The voamning pre<sure is monitored to make sure it does not exceed the
driowshle, hut otnerwise no attempt need be made at this stape to keep the
nresanre at duve test valunes. The leak is watched cleselv, 1t should begin to
se1’ st ahour the recorded return cime. 1 this does not bappen and dve (of
the coler vaed in the grout) does not appear at the leak, then dilution bevond
tie ability to gel hag occurred. (This would normally mean too high a dve
cmeontration wae used in the dve tests.) TIf dve dones appear hut the leak

', then dilntinon of the grout has evtended the ge! tire hevond the

rernre e, “hie rav be counteracted bv decreasing the gel time (pasy to do

with o ocoreriag equipment but verv difficult with equal volume cquipment) or bv
oot et naTpineg rate {easv to do with elther kind of equipment).

v the Ceak pvepins to seal, the pumping pressure wiil rize, partic-

: ' tro vyt charnel is being treated. Tf the rise {s rapid or reaches
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high erough values, it will hlow out the seal just made and reopen the leak.
Theretore, it is important, as the leak begins to seal, to keep the pressure
from rising by reduciug the pumping rate. [t is desirable at this time to
contirue pumping and, if possible, to place additional grout, since the grout
now bLueing pumped is most probably going directly into the source of the seep-
cge. 11 field conditions and experience offer no clue to the additional vol-
ume to be placed, pump an amount equal to that pumped up to the time the leak

4. Unce gel begins fcrming in the seepage channel, the entire seepage
set is cltered, and all previously gathered seepage data may become totally
unreliable. This is the primary reason why holes should be drilled, tested,
and ygrouted cre at a time. For holes which feed more than one leak, consider-
able chanye in return times will occur once sealing of one leak begins. For
such holes, sealing of additional leaks becomes a trial-and-error proposition,
with a good chance of blowing out earlier seals with the higher pressures that
may be needed for other leaks.

43. The process described can be readily used to seal one leak or zone
ac a time, and if the total number of leaking zones is small, the technique is
econonical for complete seepage control. (Actually, 100 percent shutoff can
e obtained tor individual leaks but is often not economically feasible for a
svstem with many leaks. For example, it may cost as much to shut off the last
1) percent as it does the tirst 90 percent of the total seepage.) However, if
there arc many leaks, the method becomes very time-consuming, and it also
bevcomes necessarv to shut otf leaks by shutting off the source of seepage.
Grout pumpad through the hole after all the external leaks have closed is very
effectove tor this purpose. It may be necessary to use cutoff wall prrcedures.
Curtaln:

44, Grout curtalns are barriers to ground-water flow whose purpose is
to restrict or redirect the existing ground-water flow paths sufticiently to
Iimit tetal water flow to colerable amounts. A curtain is created by grouting
a volume cf soil or rock, generally of limited thickness, normal to the exist-
ing tlow directior. Typically, a grout curtain could be used alongside or

und steeath s odam to reduce drainsge o! the impounded water. Cu-t.ins waw also
be placed cround construction sites or shafts to reduce water intlo.. Wiere
the recuired sorvice life is o1 limited duration, weli points o1 other

coratriuction methods often prove more practical. For long-term chutofrs,
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aj- whoare the rone to be impermeabilized 1s close to ground surface, slurrv walls
;ﬁ: are otten more cost-effective., Where the treatment is deep or below a struc-
\;: ture that carnot be breached, grout curtains remain the most pract.cal
1 4
‘ o solution.,
ﬁ;: 45, The previous discussion of grouting materiale is applicable to
F&: orout curtaine as well as to sealing small seepagpes. Yowever, grout curtains
f’: are wvenerallv laree iobs in terms of time and materials involved. For large
L, iohs of anv kind, there is often economic merit in the vee of more than one
':ﬁ grout, using a less expensive material fcr the first treatment (cement, clav,
:i and hentonite shou'd he considered if thev will penetrate coarser zones) and
o ‘ol owing with a (generallv) more expensive and less viscoue material to han-
7
Y : dle residual permeabilitv. 7o date, there has been verv limited use of the
E microrine cements, These products fall in between normal cements and the low
_?: viscosity chemica!l grouts both in penetrsbility and cest, and derending upon
7;: site ¢orditions, thev mav replace cne or both of the cther prouts.
= “A. The patteran for a grout curtain is a plan view of tte lncation of
:f ev P csvout line or row, and every hole in each row. The scquence of grouting
;;j o2~h Pele should aleo be noted on the pattern. In order to appreach total
.:i cuiett, a grout curiain must contain at least three rows of grount holes and
(__ the frner row chould be grouted last. The distance hetween rows, as well as
E; the distunce between holes in each row, is selected bv balancing the cost of
;: nlacing erout holee against the coust of the volume of grout required. As the
:: spoacine betweern grout holee increases, the required total greout volume
:) ircreases, hut the requived linear feet of drilling decreases. For anv spe-
‘:E c1v%c joF, the actual costs of drilling and grout can be computed for several
:i Gi7ferent spacings to determine the cpecitfic spacing for minimum cost. This
R~
_:' venera o turns out to be in the 3- to 6-ft ranye tor chemical grouts. For
: the micyafine cements, optimum spacing will fall in the same range.
.i: 7. freut curtains placed with normal cement grout have in the past
::. ioed oo Targer hele spacings te hegin with (10 to 3 ft), and have used a
';t tootrione o splitting the spacing one or mere times while grouting to a
_..‘ retren crass e or vnlume,  Thias, hioles placed at a 20-ft spacing to begin
:'; wort oo he ot tooa 10-fr apacing, then 5 “t, then 2 1/2 ft, etc. This
_ﬁj v o, wadet renulres o 1ot of drilling, is based on the fact that cement
;j St 0 e wenerarl v oused, will have long setrting times in the field, several
®. onre oromore . aher working with cement as the maior grout, hele spacing
\
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LN should start at 10 ft or more il nicrotine cements or chemical grouts will not
S
.:¢: be used, or will be used only in the center row of holes. I[f normal cements
N . ; . :
:\?. are to be used at the start o! a cnemical girout curtain primarily to plug
A 3
! large veids, the spacing ot grout holes shoulo be that applicable to a chemi-
L) Y
o cal grout curtain.
A 48. The Tength of a grout curtein is often determined by the physical
e paramcters of the job. A cuteff between two foundations obviously has a
OO
\;) length eqnual to the distance between them. A grout curtain on one side of a
f:ﬁ dam, howeve:, need not extend indefinitely or to the closest impervious forma-
-
D™ & . “ . - : . -
Y] tion. Such curtains tunction by extending the otherwise short flow paths far
S
"~ : .
-:4 enough so that flow is reduced to tolerable amounts. The length way be
. extended teo where nmore permeable zones terminate or uay be designed on hydrau-
W Jic principles alone.

A, Xy
“v".," ‘;,'

49, The depth of a grout curtain is determined by the soil profile.

A

I'nless the bottom of the curtain reaches relatively impervious material, the

",
k

Lup e L !
-'_'l‘ "A o .;‘

curtain will be ineffective ir shallow, and very expensive if deep.
50. When a grout curtain is built ror a dam prior to the full impound-

ing of water bel.ind the dam, there may be no way to evaluate performance of

"'i‘ IN"H"

the curtain for a long time after its completion. Even when performance can

be evaluated quickly, there is often no wav to relate poor performance to

P

’I . : . I3 I3

:w_ fiulty construction opening or "windows'" in the curtains which were not

A . . . ital f

- grouted. Thus, complete aud detailed records are vital tor each grout hole.

~

%:' These will indicate the location of probable windows and permit retreatment ot
‘-

stuch zones while grouting is still going on.

e 3 4

5? 51. In contrast to the seepage problems previously discussed, grout

o curtains cannot econcmically be constructed by trial and error in ‘he 1icld.
-‘.

- . . i

w The entire program of grouting must be predesigned, based on data from a

4

® geological investigation and an adequate concept of anticipated performance.
e
‘i 52. The first step in the design of a grout curtain is the spatial def-
.‘\t

o . : : - . n . N : .

b:; inition ¢r the soil or rock voluue to be grouted. The design then Jdetince the
M

e : - : -

Vo I-cation of greout holes and the sequence of grouting. For each hole the vol-

- ¥

@ ume i grout per lineal foot of hole is determined, based on the void volune
LA

-\ ~ 1 r
n and the pipe spacing, to allow sutficient overliap between greoated =ones. The
- intert 19 te form a stabilized cylinder ot a desired wpecific diameter a.ong
N

N
4‘*
‘o
1PN
ol
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b:' the length of pipe. The diameter is selected so that stabilized mwasses from
e
o adjacent grout holes will be in contact with each other, and overlap slightly.
-
Ko 33, 1n practice, it is dirficult to svnchronize the purmping rate and
W P
»
'* pipe pulling (or driving) rate to cbtain a uniform grout placement rate along
28 . . . .
[~ the pipe length., It is commen practice to pull (or drivel the pipe in incre-
b ments and hold it in place Tur whatever length nf time is required to place
b the desired volume of grout. TIf small volumes oi grout are placed at consid-
“ erable distances apart, the obviovs result is isclated stabiliced spheres (or
>
~ . : )
*i\ flattened spheres). As the distance between placement pcints derreases, the
’ L3
,:\ stabilized masses apnroach each other. The stabilized mirses will alse
el
2 arproach each cther, if the distance between placement pnints remains constant
. “ut grout velume increaces. Experiment and experience have shown that the
a5 . - ;
S chiances of achieving a relatively uriform cvlindrica!l shape are best when the
S8 distancs tne pipe 1s pulled between grcut injections does rot exceed the grout
2, flow dist .once normal to the pipe. For example, 1¢ a stabilized cvlinder 5 ft

diareter fo wanted, in a scil with 30 percent voids, 45 gal of grout are

® .
:
o

X meeded ver foot ¢ grout hole. The pipe should net be pulled more than 30 in.
- At - in. pulling distance, 112 gal should be paced. (The grouting could also
;j “e done b ipiecting 77 gal at 18-in, intervals, etc.)

(‘ 54. Fven when the proper relationship between volumes and pulling dis-

:; t.rce is nhserved, nonuninrm penetration can still occur in natural deposits

':: when theers nre utratified. Degrees of penetration can vary as much as natural
7:: permenbiiity (ifferences. Such nonuriformity has adverse effects on the akil-

9,

to carry out a field grouting operation in acceordance with the engineering

~

<,
S Aoy,
- . . )
_ <5, It would Fe of major value to be ablc to obtailn uniform penetration
-
n: recardless of permeahiiitv diiferences in the soil profile. 'r assessing the
canse ©or penetration differences, it becomes apparenr that the grout which 1s
e interted {irst will seek the easiest flow paths (through the most pervious
) " 4
- . , R . - .
.’ matey ialer and wi'l flow preferentiallv through those paths. 7o modify this
i
aj coenditian, cther facters mnust be Irtrnduced. 1f the gront were male to set
g rrior to rhe completicn of the proutirg operation, it wonld set in the more
v Aper chanteie where it had gone Tirst and force the remaining greut to flow
T intn the finer cres, Accurate control of pel time thu= becomes an important
.
Y : . . . c .
>, fartor in abtairine mere uriforr penetration in erratiticd deprsits.  Juet as
o p P
o in castrot ing the detrirentral ettects of grourd-water low, move uniform
. o
s
S ’
1 2
W o
‘0]
.p."
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v
..
::. penetration ir stratified deyposits also requires keeping gel times to a
\I
\" ninimum,
A
:_ “h,  The operatiag principles cian be summarized as follows:
¥
1 a. The pipe pulling distance must be related to volume placed at
S one polint.
:} b. The disperslon effects of gravity and ground water should be
o kept to a minimum.
[\
N v. rxcess penetration In coarse strata must be controlled to per-
t mit grouting of adjacent finer strata,
- ".. The tirst criterion requires only arithmetic and a knowledge of
- <o [ wvoid:. Tsclated stabilized spheres will result if the distance the pipe
- is pulles brotween injections is greater than the diameter of the spheres
7 . . . .
. inrmerc bv the volumes pumped. Graphic trials at decreasing pipe pulling dis-
- *aoeces readily show that the stabilized shape begins to approach a cvlinder as
. the dictunce the pipe is pulled approvaches the radial spread of the grout as
o discussed previouslv,
s
q 58, the seccnd criterion requires that grout be placed at 3 substan-
.- tiallv preater rate than the flow of ground water past the placement point and
N that the gel time does not exceed the pumping time. I[n the formations where
- chemical grouts would be considered--those too fine to be treated by cement,
pumping rates more than | gpm are adequate to prevent dispersion under laminar
> - o -
" flow conditions, (Turbulert flow does not occur in such soils other than at
& surtaces exposed by excavation). The control of gel times not to exceed the
-..
,:- purping time is readilv done with dual pumping svstems but i=s difficult and
y trustrating with bateh svstems.
l - . . . .
' T The third rriterion renuires that the gel time he shorter than the
:- rurnineg tire, (The alrerrative is to make additicnal injections in the <ame
(.. 7one after the tirst infection has set. This would require additional drill-
q imy ind wonid certainly be more costly),  This process is feasible with chemi-
- cal prouts het obviously cannot work with a batch system. Dual pumps and
" continuous cotalveis are required.
q Summary
v D ——
r
. A, dontrolling seepage or flow through supsurface channels reauires
:f nhinvedneg the channels Individualle or co'lectively, (routs are otten uscd for
' 4 theae purpoces. Cements, including the new microfine products, and acrvlates
-
j‘ 23
.
.
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. are the materials most suitable, considering cost, toxicitv and ge! time con-
. trol. Field procedures for seepage control and curtain grouting differ
h, greatly, but each method works most effectivelv when used with short gel

. times.
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FLEXTRLE MEMBRANE LININGS
by William R. Morrison
Bureau of Reclamation

Background

1. Sirce the end of Worid War 11, the rapid development of svnthetic

polvmers has made a host of new construction materials available. 1In coopera-

3 tion with industrv, the Bureau of Reclamation has conducted extensive labora-

and field research on manv ot these svnthetic materials engineered

specificallyv for use as waterproof membrane linings. This work has led to the
deveiopment of FMI.'e (flexible membrane linings) for seepage contrel in irri-
gatrion canals, reservoirs, and ponds. As a result of this development, there

has bheen an increased use of FMl.'s in dam construction.

2. The FML's5 are thin, tough, impermesble plastic or eiastoreric films

ranging in thickness from 10 to 107 mils (1 mil equals 0.001 in.). The term

"geomembrane' has recentlv been coined for FMl'sg,

3, The most common membrane linings irclude the fellowing materials:
a. PVC (polvvinvl chloride).

h, [LDPE (low-density polvethvlene). This plastic is the tvpe used

- in manufacturing trash bags, such as Heftyv and Glad. For com-
parative purposes, trash bags range in thickness from 1-1/2 te
2 mils. Also, LDPF 1ig quite often called "Visaueen."

(s

. HDPE (high-density polvethylene),

d. CPE (chlorinated polvethvlene).

e. C(SPE (chleorosulfonated polvethvlene). This material is also
called Hyvpalon, which i= Dupont's trade name for the compound,

f. BRutvl rubber.

g. EPDM (ethvlene propylene diene monomer),

‘ Some of these linings (d through g) can he manufactured with a reinforcing
scrir to improve tear strength properties and dimensional stability (chrink

istance).

Fan" lirings

]

4y Much of the development work on plastic canal lininge has heen

wrnltished under the Bureau's 10CL (Tower Cast Canal Tining) program,

4
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terminated in 1967, and its replacement, the OCCS (Open and Closed Conduit
Svstems) program.

5. The use of the plastic linings has primarily been in conjunction

*p,

with the rehabilitation of old, unlined canals, especially in areas unsuitable
\. for compacted earth or concrete linings. This work involving the procedures
v listed below is generally accomplished during the nonirrigation season, and 1t
cften involves wintertime construction.

Excavation of the existing canal a minimum of 1 f¢t.

.
jo 1w

Subgrade preparation.

Installation of the membrane lining.

|

Placement of an earth cover (12 to 18 in. in depth) to protect
the memhrane from the elements and phvsical damage.

iS.
.

. t. Because of the requirement of an earth cover, membrane linings are
‘o restricted to canals having low-velocity flows (1 to 3 ft/sec). Also, the

- side slopes should he po steeper than ?2.5:1 and preferablv 3:1, Several

' excellent artic’es have been prepared recently concerning slope stability of
3 membrane~lined facilities (Giroud and AH~Line 1984, Martin and Koerner 1985).

7. VYither PVC or LDPE can be used in plastic canal lining work. The

decision to use PVC or PE (polyethvlene) is made on the basis of local condi-
{ tions and service requirements for each specific installation. Because PVC is
‘ mere resistant to punctures, more readily available in larger sheets (up to
79 ft wide and 1,000 ft long, depending upon thickness), and more easily
) repaired and fleld spliced with solvent-tvpe cement, it has been used more

extersivelv than PE in Bureau work.

8. Although PE pcssesses better low-temperature properties and aging

- characteristics than PVC, it is more difficult to handle and currentlv is

available onlv in seamless rolls up to 40 ft wide and 200 ft long. Conse-

quentlv, {t requires more field seams. These shortcomings have recentlv been
discussed with 'nited States manufacturers of PE film.

Y4, The first PVC installation under Bureau construction specificatiore
was in 19fR, nn the YHelena Vallev Canal, Helena Vallev Unit, Montana. Since
then, PYC has beer used in rehabilitation work on the Fast Bench Unit,

Montara; Riverton IUnit, Wvoming (Wilkinson 1984); Farwell Unit, Nebraska: and

o e e

rhe Yakima Proiect, Washington.
In,  ¥Vor this work, PVC of 10-mil (7,01 in.) thickness was used. !ow-
ever, hased on {ieid and lahoratorv performance studies conducted the past few

35
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vesrs, 20-mi! PVC is now heing specified in Bureau work, The additional cost
of the heavier egauge material wil! bhe minimal. With a 10” percent increase in
thickness of the membrane, the overall cost of constrvection will onlv increase
by oabout 15 percent.

1. Plastic linings are now being specitied tor new construction. For
exarple, a 20-mil PVC is being used on the San lLuis Project, Colorade, to line
a convevance channel for delivering salvaged ground water as a supplemental
source to the Rio Grande River. Three of four specifications have been 1issued
and awarded for this work. The installation on the San luis Project is the
largest use to date of a plastic lining in canal construction in the
I'nited States (Starbuck and Morrison 1984; Morrison 198%5).

12, In 1984, a studv was completed (Morrison and Starbuck 1984) on thte
rerformance of huried plastic membrane linings. primarily 0..25-mil-thick PVC,
nused “or secpage control in Bureau 1irrigation canals. Samples from nine canal
incstallations ranging in service 1ife from 1 to 19 vears were evaluated.

-1

tl - studv {ndfcate that plastic linings are providineg satisfactoryv

Feanulos o or
cervice ror seepaze control and are viable alternatives in areas not suitable
r ocancrere or compacted earth linings. Results of the studv indicated that
sopme = i ening oY the FVC has occurred with time. This stiffening or aging
i< cauced bv the lnse of plasticizer, the aecent used in the manufacturing of

the 1ipins to Imoarr vlenmibilitv, The rate of this aging is primarilv

creT et oo thres factore:

sonrce - linings originally manuf:ctured with a high plasti-
ciser crntent exhibited less aging,

5. lccatien - sarples obtained frem within the witer prism et ih-
ited Tess aping than those obtatlied cutside the pri=c, and

©. Subgrade preparation,

P, From 1975 to 1980, the Burecaun was invelred {noa 0 or eio i
the “oviet I'mic or the use ¢of plastic films for cana’ i o 0n T

this study incinded the following:

a. rxchange of (echnieal informaotion o0 070 o

- hoth conntries, (ihe boviete pri-ac 7 oo
construction work, T emall cana’ . ot
roncrete, and in larger : re " -
film covered with ahant 1 ot o0 gt - .. L .
~anerete alabe o the ofoe liapiee e s w0 .
contiol,)

- [neta’lation ¢ pine exnerfrental cas oo o . ey

’ Thraniar Field Test statien, ool e B ) : Lt

KA




o,
- l'¢

»
¥

ORREAA

i

19

P
.l » v a
2T

F 2l T .
B
T
'y ‘0 s
AL

- E - - e -
b P AV . A
iy .."..'.'.\.‘.‘,‘. o TSNS ®

v

AR

constructed the test sections in accordance with Bureau speci-
fications and using Bureau-furnished materials. Based on the
resulte of these tests, two lininz systems have been selected
for further studv in an operating canal on the Kakhovka Project
in the Ukraine. The twe svstems are a 10-mil PVC with a con-
crete cover and a 20-mil polyolefin linirg with a concrete

cover,

¢. lInstallation of a PF and a PVC study section on the Amarillo

B Canal, Navajo Indian Irrigation Projec:, New Mexico. TIncluded
1n the studv will be determination of the performance of
ceveral different prontective earth cover materials. Special
seepage monltoring statrions were also installed to determine
the eftectiverness of the plastic linings for seepage control.

An interim report (Krupin et al. 1982) was prepared, summarizing the joint

studies

General

1
1

to

s

membrane

3.

date,

Dam and Recervoir Applications

The Bureau has been involved in three major projects using flexible

linings: The Kualapuu Reservoir, Molokaif Project, Hawaii, the

Mt, FElhert Forebay Reservoir, Frvingpan-Arkansas Project, Colorado, and the

San lusto Reservoir, Central Valley Project, Califcrnia.

Kualapuu Reservoir

15.

The Kualapuu Reservoir, built during 1968-1969, 1is the principal

arorage Taciiitv for the Molokai Project, Hawai?. This is a State venture

that is federal'v funded in part under the Small Reclamation Projects Act of

R

hood o

tor o«
insgtal
ree ot
o ey
tooe W

L

.

U

i

e vtorage capacitv of the reserveir is 4,300 acre-ft, with a maximum

£t Chuck 1970).

Since onsite clav materials were terderline in regard to satisfac-

eopage centrol, a 1,/37-in, nvlon-reinforced butvl runner lining wae

5

A

Ly

in the rescroair to centrol seepage. The Bureau provided teclinicad

for thic I6f-4cre installatieon.

Liyean O5% ‘Ouerarion and Maintenance) personnel have made periodic
“ tre recorveir.  They repert that occasienal repairs of the

Moo aratectior raterial has beon plroced o

Tien ke el e far o e Wil wave aotion,
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Mt. blbert Reservoir

I8, General. During the summer of 1980, the Bureau installed 290 acres
¢! a iflexible membrane lining in Mt. Elbert Forebay Reservoir (Morrison,
et al. i9Y82). The reservoir, part of the Mt. LElbert pumped-storage facility,
is situated on the north shore of picturesque Twin Lakes located in Lake
vounty approximately 15 miles southwest of Leadville, Colorado.

19. The reservoir impounds 11,530 acre-trt of water of which
Solot aore-1t is used to develop 200,000 kw of electrical power during peak
dewmard.  Two 138,000-hp hydrovelectric turbine-generators are used tu generate
the power. These generators have also been designed to operate as 170,000-hp
netors to drive the turbines in reverse to pump the water from Twin Lakes,
back to the rorebay reservoir during nonpeak hours.

20. The installation at Mt. Elbert constitutes the world's largest
single-ceil flexible membrane liuing application to date, and it is the first
time that such a material has been used in a pumped-stcrage reservoir for
seepage vontrel.,  Also, to meet the Bureau deadline of .uly 1, 1981, for power
'r_iinc, the installation had to be accomplished in one construction season to
aliow surticient time to fill the reservoir and conduct acceptance tests on
the =enerating units and other accessory equipment.

2. the membrane lining was installed under Bureau Specifications

oL DC=7418.0 Creen Construction Company of Des Meines, 'owa, was awarded the
centract on o Seril e, 1960, and installation of the membrane was completed ua
seytember 20, 1980, The B. F. Goodrich Company oi Akron, Ohio, was the sub-

contractor who jurnished and installed the membrane lining. The cost of the

wOTX 15 shown below:

Ingineer's Fid
NI S 1 B __estimate __price
Total ¢£20,566,000 $17,884,170
Furnist: nd instal] $10,160,000 £ 8,712,200
~embrane liuing L 2 2
HnE (30.80/ft%) ($0.686/£t7)
¢ !
-~ - v reservoir, At an elevation of 9,645 tt, the {orebay reser-
:: IS S , 435 1t above the Mt. Elbert pumped-storage power plant.
» N .- . . i
N iy of fhe weter used trr power goereration must be pumped into the
~
g
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ferebav reserveir trom lower Twin Lakes, one of a pair of glacial-age lakes.
lhe copacity ot tne lakes has been incressed iy construction ol an embankment

dam at the outlet end of the lower laxe. Additicnal water tor power produc-

tion comes fron the western siope of the Continental Divide. The north side

o~ ard south side Collection System on the western slope collects runef! rom
o snewme 1t above 10,000 re. The water is breupbt to the eastern slope via tun-
R
1 N
Ay netl to Turquoise Reservoir where it s held in temperarv storage until con-
' ) veved tnrough the UL M-mile-tong Mt. Fibert cenduit to the forebay reservoir.
L/ N”V LY a0 - . . ' e R
o J3. the torebav reservolr has a4 surrace area of 290 acres at an cleva-
K-.
:ﬁ tion o, Y,n45,0 t, the top of active cuoiservation capacity. The uminimum

h T 2
ek ¢

oprratiunal water csurface is at an elevatrion ot 9,615 1. Adjacent to the
Lpper edae o the glaciel scoured valley now occupied by Twin I akes keservoir,
the Zoreliv reservolr ocruples a tormer topoypraphic deprescion. The reservoir

was Dulltoin T970-1977 by constructing o small dike 11 the opeinn southwest cor-

ner oy the depression and a 90-1t-high zoned earth embankment across the open

. the earth materiuls in the jloor and sides 0! the Jepression war-
fed trom osandy ¢Jav tou pervious sands and yravels. The depression was

re~bicped to provide 4 bottonm shape suitablie ror placement of a 5-ft-thick

earti. liner.

24, The eartn liniang extended up the sides of the reserveir to an ele-

vatien of v 1l above maximum water surtace. In-place testing ot the earth
lirer indicated that the permeabilitv of the earth lining was in the range of
e POt L0 Toper year.
;) JhL 0 Werer was Introduced into the torebay to a depth of 25 tt during
!
n" . - - .
~ the pericd Noverber 1977 through March [Y/8. Water levels in several of the
" ..' . ~ . .
G pior et ers and observation wells located in the valley side becween the fore-
.- b reserveir and the power plant began to rise shortly after completicrn of
(bl oo Cltreducticn of water into the farebav. By the summer of 197¢, the
-
N C o . , ) e
\ <. witel  tel Bl visen over b it o In ore wedl and 4 to & ft o in several others.
N
(O toer owel L i not either vesponded or experienced water level
v . . . , : :
o ¢ oredse ., e cntirucas risce experienced in osome weils was considercd t.oo be
cricn et e the torehay rather thon cvelical changes in the
f ~ vl Vel
oS b ceererar thousand ve oo Adslide scarp had boen done
T o e, car Loy i trat i e resorye
. T A e stabiyite o analvees Cor the vallow side were pori ornmedy o ond
.
b
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the =tubility was tound to he marginal tor censervative strength parameters
and saturated conditions. 't appeared, therefore, that eoncugh water to influ-
ence stability or the varley side could possibly seep through the compacted
earth lining. The decision to line the tforebay with an {iperumeablie membrane
was made In August 18979,

2). Harthwork. A ndjor portion of the construction =ctivities for
installing the membruane lining at Mt., Elbert invelved varicus tvpes of earth-
wore, For example, betore installing the membrane 'ining, the tfollowing
carthwork had to be accomplished:

4. Kemoving and stockpiling existing riprap and other slope pro-

tection material (coarse gravel and quarry reject material)
piaced to protect the existing earth liner trom erosion,

b. itxcavating and preocessing the top 2 ft of the existing zone 1
earth lining to obtain earth material for membrane subgrade and
earth cover., The excavated material was screened to remove all
particles larger trtan 1 in. in size. The plus l-in. fraction
was later incorporated into gravel slope protection material
placed upon the earth cover.

¢. Excavating bedding material {or the riprap. This material was
obteined rrom the Sinclair aggregate source located northwes
of the Mt. Libert power plant. Existing bedding was later
reused as part of the gravel slope protection.

d. llattening the reservoir side slopes were required to 3:1 or

less. This work was performed based on discussions with vari-
ous membrane lining manufacturers who indicaced that the side
slopes should be no steeper than 3:1L in order to facilitate
earth cover placeient and to improve the stability of the cover
er the sliopes.

e, Subgrade preparation. Since the membrane lining required a
veryv smooth subgrade, considerable time and effort were spent
on this work. Te sevve as a bedding for the lining, previously
processed earth material was placed and compacted to a minimum
of 6 in. ir depth., For compaction and to obtain 4 smooth sur-
late, two rasces of a pneumetic-tired roller follcecwed by two
passes with a vibratory steel roller previded satisfactery
results. Hand Tabor was used to remove lnose gravel or other
materiale which could puncture the membrane.

J#. After the membrane liring was installed, the “oliowing tipes ot
taterial were placed o protect the nembrane from weathericg, vandalism,
indmal o traftic, fee action, ctes, and to o proevide erusina protecticn en the

sive =T opea. The teteriais ;o iaoed inciuded:

Ry o P B P Py L
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L Material Depth (it) Quantity
Earth cover 1.5 720,00 wd>
Coarse gravel slope 0.5 108,00U tons

protection

Juarry reject 1.0 58,000 tons
Bedding tor riprap 1.0 91,000 tons
Riprap 2.0 108,000 tons
2%, v protect the membranc from mechanical damage during construction,

vehiclew were not allowed to operate dirvectly on the lining. Consequently,
the prucessed earth cover material initially was dumped at the edge of the
l:ning and thereatter spread over the membrane by dozers. A minimum 18-in.
depth ol earth cover was maintained between the lining and the equipment dur-
ing the spreading operation. Earth cover compaction of about 95 percent of
laboratory standard density was achieved solely by equipment traftic,

30, For placement on the side slopes, the earth cover was spread from
the bottom toward the top of slope, again maintaining the aforementioned earth
cushion,

31. Membrane lining. The specifications provided alternate bidding

schedules for installation of any one of three lining materials. These
included 45-mil R CSPE (reintorced chlorosulfonated polyethyvlene), 45-mil CPER
{reinforced chlorinated polyethylene), and 80-mil HDPE. The contractor
selected CPER.

3Z. CPER lining material is of three-layer construction consisting of
two equal thricknesses ot CPE laminated teo one layer of 10 by 10, 1,000-denier
polvester scrim. The physical preperties requirements for this lining are
given in Table 1.
33, The lining was factory fabricated into "hlankets," each
14,000 sq £t in size and weighing approximately 5,000 1b. 1Two shapes ot
hlarkets were furnished: 200 by 706 ft, containing 14 factory seams rade with
a leister bhot air gun; and 100 by 140 ft, containing 29 factory scaan. ma.e
dielectrically, The latter shape was selected primarily for installation on
the side slopes.  For delivery co the iobsite, the blankets were accrrdion-

folded, rolled, palleticed, and transported via commercial truck. Approxi-

mately, Y30 blankets were installed in the ferebay recerveir.
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Te install the mewbrane lining, a crew ot 18 to 20 laborers was
used o untold and position the blankets. Adjacent tlankets were overlapped a
minimun of o in., the contacc surfaces thoroughly cleared with trichlorcethyv-
lene solvent, and the manufacturer's bodied-solvent CPF adhesive applied a
minimen widtn of 4 in.  The rield seams were then hand rolled and allowed to
cure beiore air testing to detect anv weak or unbonded areas. Compressed air
at 54 psi, suppliec threugh a S/16-in. nozzle, was used for this test. In
addition to air tresting, visua, Inspecticn ot all blankets and seams was

v
S

-

ormed bv Buredu inspectors.

o]

35, Arter the fleld seams were tested and uspproved, a cap strip was
applied. The cap strip consisted of a J~in.-wide, 30-mil-thick unsupported
JtotuL v bonded eover the tield seam.

sk, To check the seaming method arnd integrity ot the resultant seams
this instaiiation invelved approximately 50 miles ot tield seams), the fol-
“owine samples were taken dailv:
4. tne J- by L-tt cutout sample takeo vandomly.

b. A tield rebricated samplie for everv 1,000 ft of field seams
rade. These samples were prepared by having the seaming crews
scam two i1~ by I2-ft pieces of similar material so that the com-

pleted seuned sample was 1.5 by 2 ft in size.
born peel and shear tests were conducted on the samples to monitor and deter-
rine the iutegrity of the field seawms.
$7. For Installation on the side slcopes, an anchor trench | ft wide by
S5t ir depth was excavated at the top of the slope to held the lining in
piace.  lne tining was placed down and across the bottom of the trench. It
wis then Luackiilled and cowpacted.
s®.  The upstream tace ot the forebay dam was not lined. The membrane
lining wes terminated i{n an anchor trench in zone 1 material at the toe of the
erhapsnent dam.  This trench was hackiilled with compacted zone | material.
39. Quality contro! program. An extensive quality centrol program was
conducted in cenjunction with the Mt, Llbert instailation. The procedures
{mplemented tor this prograr e luded:
. KRequrring the certractor te submit for approval certitied labo-
ratary test veeorts on the phvsical properties listed in

Table 1 fov coch dav's production of the CPER roll gnods before
fabricating the biankets,

Pl Weekay vt to o rhe fabvication plarts by Bureou resident

.

tact .y scaming methods
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intenatve warranrty period on the membrane lining.

During these visits, they also audited the shedr test results
Tor lactory seams.,

Htainiuy the samples for ever:

iith blanket for testing and

ipproval at i Bureauw's laboratory in Denver.

Alr lance testing all ractory and field seams (involving

ipprosimatelv S4l miles o1 seams) .

daily rampling and testing of tield seums, and visual inspec-
tich, previously descrived under the section pertaining to the

memhrase,
; Included in the specifications tor this work was a
To menitor the
the lining Jduring the warranty period and tor long-term
svs, 4 2U- by 100-ft test section was installed in the southwest
reservair,
s location wes selected to allow easy retrieval ot the samples
vev g pericd ol vears. The test lining was placed on a cushion
and scpavate trorn the main lining, thus precluding the need to
the dotuul lining te obtain samples.
Pimitdtions of the test section are that the reservoir water
ss te both sides o1 the test membrane, and the actual effects ot
duced into the reservoir lining during installation and opera-
be reflected vxcept fer freeze—thaw cycling. Also, the effects
pressure present in deep parts ot the reserveir will not be
test section was field fabricated into cne large sheet and then
parate secticns jor periodic sampling.  Fach section containe
factory cears, and Licid seams, both cuayped and uncapped,
physical property tests listed below are heing uscd to menitor
the lining. These tests include:

Hyurostatic resistance usin, the Mullen burst (Ast™o -7 0,
method AY.

Sdrostatic puncture resistance using the Bureo oot o000t

and standdard subgrade.

P dnes don A ™ D=4, nachine method, type

oo vesiStance  ASTMD o D=5, tenyrie tear, metlion b
Dooa-teiverdiure berd test [ASTH: =213,
43
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Y5, For the seams, the tollowlng tests are being conducted:

a. Se.am strenegth in shear (ASTM: D-T75] as nodified {n Appendis A

o7 NIF standard Yo, 5%, "Flevible Metwhrane Tinines," dated

Novembher 1G9
\

NLooNSeam strength in peel JASTM: -t an modified in Appendiy A
nTONSE srandard Moo o Sah

.re Sarples have heen ret-ieved op g veariv toeie during the S-vear
varranty reriod, A rercerrt {5 now heiry rrepared suemarising the results of
the lahor . rorv test

San Inste Neservoir

7.0 Yar aete Kewervoir is located 3.4 miles southweet of Hollister,

Calitorria, When cormpicted in the fall of 1996 the reservoir will impound
appresimatelv (70 (B acre=it 0 water tor municipalt and dirrigation purposes

1

which frolndes A acre-7t “er flood control purposes (Cvgpaniewicz 1986),

.=, The reservelr will bhecowre an ~if-stream regulating facility that
will e crciosad by twe earthfi1? embankments on the west {dam) and north
Thed aides 7 rhe regerceir. The reservolir will he tilled and releases will
Se et cooan inlet-nutlet worke located in a tunne: throuph the east side of
the v erveir,  An emergency epillway {s located near rthis structure and is

nreviced srriceis 2w 1 guard against overfilling of the reservoir,

R everal Jarce beds i clesn sand are located within the reservoir
aite, Tooaddivien te lass of water., the increased seepage through the sand
Beds oo i ineense the potential for landsiides on the downstreaw portionea of

natura’ v tges which enclose the recervoir. Concequentliv, the decision was
cade to inctall a flexible membrane linirg over sloping poartions of the reser-
vefr coorryining the fmpervious sand bede, In flatter areas where natural
irpervinng gnil covers the sindbeds, a supplemental 6-ft-(minimum) thick
exrthiti’ i hlanket ot ¢'2v was placed In lieu of the membrane lining.

S meveral twpes of FML's were included as opticons {v the specifica-
tion sk YHRLY . The centractor selected the 40-mil HPPE-A (high-densityv

E

polvethelene elastomeric allov) flexible memhrane lining.

Vnnpevicately 207,000 gq ovd nf o this PDPE-A raterial was {installed

g ot e withIn rhe reservoir «fte.  To protect the merbrane from the
R e b i g damare, 0 soil cover was placed over it. The protec-
c Poteo ot o2 qn, of dmnervicns eqrthtil] cover, 6 in. o hedding

R R .ot ye . trapmenta, The inctallatior wae o conplished
Lo AR TR A Es T T
[
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el 52, In Februaryv 1986, oxtensive raiins raused some slippage of the pro-
Y 0
N tective cover at several locatiens resulving in approximately 15,000 sq vd of
e
~ » : K TS N U S SR PN "
oy lining being exposed. Specitications I'SBiL 198n) have heen {ssned for the

repalr of areas damaged from the slippace. [he repair work is scheduled to he

completed in the fa'l of 14R6,

Re=earch VActd itios

53, The Bureau s curreidy invofved in the following rescarch

a. Fvaluatior ot e:posed membrane 'ivrinegs snuch as CPE, Hvpalon,
cEOM O harvl, o acd BHPPE For oase i canal lining construction.
These materiale are bheiny studied as alterundates to concrete and
huried memhrane lining z2vstems. Two sites have heen identified
for field testing. These incluue the M&D Canal, Uncompahure
Froiect, Coloradc, and the White Hock Fxtension Canal, Court-
land Unit, Kansas., The proiects have indicated an interest in
providing later and equipnent to drpctall field studv sections

e N - : : 1 .

N i¥ lining materials and technical assistance can be provided bv
R the Ear Center,

::: h. Fvaluation of FML te cortrol hvdrilla and other aquatic weeds.
\i- A tield test installation was made in August of 1982 on Wiste-
‘N ria Lateral Si{x, Imperial Valley lrrigation District, Califor-
. nia., This test installation will provide an opportunitv to
- study shading techniques for controlling hvdrilla weeds. Tim~
::: ited studies conducted by the USDA (UiS Department of Agricul-
o ture) using 4-mil LDPE showed promise.
K-~ c. Fvaluation of bottom-onlv lining fer seepage contrel in irriga-

& p
tion canals. Reevlts oY rccent studies or the use of hottom-

Zﬁi onlv memhrare Tining indicate this ra Y2 an effective low-cost
N "xz . N - . . E RO o d PRI I M 1 JN
T metrod ot reducing ranal cseepage ir 'oessiasl coils. In thesc
W~ - I +

,:d studies, conducted on the Farwell U'nit in Nekraska, a reduction
:u‘ ~f{ 5 percent in seepaze was cobtalned when 10-mil PVO Tining
T was Installed in the canal invert. Additional studies are

[ ] needed to verifv the results and develoy guideline~ for design

:. cnd construction arsociated with this tvpe of rerhrane lining
e arpiicaticn.

o d. Fvaluation of F', Jor use in the construct:rn ¢f ehe.vency ar
- aaxiliary =spillwavs en ecarth dams and caral wastewavs.

- : . . .

® ohiective of this studv 5 te glve A preliminare assessment of
e the concert., Tf feasibhlo, ki apurcach could lead to a Tow-
T cast wethod ot providine the addiricnal cmergency arillwas
.- copacity,  The current s+l ic¢ Timited o low Fead, noncriti-
ol cal, eartt embankmerte, A tield Installaticor at Tattonweoed
\j' Yoo 5 bam, (aollbrar Project, Celorado, as heen iritioteld dn
'.' connection with the ~ppofa,, roconstructioo of the 1 - ond

W, spillway (T{mhlin 145,
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Future Work

Aa opart of the modification work at Pactela "a~, Pick-Sloan

Vissonrt Bazin Froprom, Rapid Vallev I'nit, South Dakota, the evieting dam and
i Pikes on tho Jett ahutrent will he raised 15 tt gbeve the nrecent crest.
e compered dam o witl have 5 maxioure structoral height o 40 ftoand a
-7t oeraat Genegth. The compieted dikes will have o rorbined crest lengeth
L0 e, malsine the embankrest will inciude the ipctallation ot a flexi-
cerbragne Torirg with o opeotextils backing and the nlacement of processed
el o moo vrines . and rocxt i renes. The purpose ot the lining is to reduce
rteoaeeant of dopervious it

il PV Vindog fw now bheing ceonsidered as the waterproofing
coement inoria elevater shart to he constructed as part of the new visitor
Tieiiities L0 hoover Uam. Thise tvpe of materia: has been used in tunnel con-
strocticon ir Hyrepe (Werrer 14V, The inetallation at Hoover will be the
neoon=e ot oplastic membranes In the Kureau's canal lining work con-
Timies to increase.  Addiriconal installations are planned for the Garrison
“rmit, cornh Dakota, and Trand Valley Unit, Colorado, The latter irstallation

wil® ba ~art of the Tolerado Fiver Basin Salinitvy Centrol Prejecr.

Reterences

Gureqr o Feclamation.,  19%n,  "Specifications Na, 20-C0287, Membrane I iner
sty deasiope " San dysto Reserveir, San Felipe Division, TVP, California.
. 1Y9R4, "Selicitation/Specifications 4-81-20-04270/DC-7617,"

p
ere Dap, Central Valley Preoject, Califernia,

o .o T 970, "iarpest RButvl Rubber l.ined Re=mervoir,” Civil Fngineer-

1"

Comidcwios S0 M, TORA, "Sap Justo Regervair,' USCOID Newsletter.

frot, o Po, and All=T{ne, C. 984, '"Design of Earth Concrete Cover for
e e roceedings of the International Conference on Ceomembranes,
LIT, pp AETLLOZ

b oy .(l,n' Tyt

AL, Yuhervkov, U0 AL, Morrison, W. R., and Starbuck, J. G. 1982,
“int stadien on Plastic Filme and Soil Stahilizers," Interim Report,
, Db areey and Field itadies in Tlastic Films.,

o oot and Vespner, POMO 0 1GES 0 M"Gantechnical Desien Considerations
i Crore it Niepes o Slepe Stability, Gentextiles, and Geomem-
46
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Morrison, W. K. 1985, '"Progress Report on Plastic l.ining Construction for
the (losed Basin Conveyance Channel, San Luis Project, Colorado," Proceedings
ot Geotechnical Fabrics Conference, Cincinnati, Ohio, pp 59-63.

Morrison, W. R., Grav, E. W., Jr., Paul, D. B., and Frobel, R. K. 198I.
"Tnstallation of Flexible Membrane Lining Iin Mt. Flbert Forebav Reservoir,"
REC-FRC-a82-2, V'S Bureau of Reclamation, Denver, Colorado, 46 pp.

Morrison, . K., and Starbuck, J. G. 1984. '"Performance of Plastic Canal
finings,”" REC-ERC-84-1," US Bureau of Reclamation, Denver, Colorado.

Starbuck, J. C., and Morrison, W. R. 1984, '"Flexible Membrane lLining for
Closed Basin Convevance Channel, San Luis Valley Project, Colorado,'" Proceed-
ings of the International Conference on Geomembranes, Denver, Colorado,

Vol. 11, pp 333-336.

Timblin, 1. O. Jr. 1985. '"The Use of Geomembrane for Emergency Spillways,
Witer Power, and Dam Construction."

werner, G. 1984, "Sealing and Waterproofing with Geotextile, and Plastic
Sheeting in Tunnel Constructions,'" Proceedings of the International Conference
on Ceomembranes, Denver, Colorado, Vol. II, pp 353-358.
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Table 1

Phvsical Properties Requirements for CPER (Reinforced

Chlorinated Polyethylene) Lining

Property

Thickness, in.,
minimum

Tear strength, 1b,
minimum

Low temperature

Dimersional stability,
each direction
percent change,
maximum

Boended seam strength,
ib, minimum

Lvdrostatic resistance,
i
lby;in", minimum

Breaking strength,
ib, minimum

Ply adhesion, 1b/in,
width, minimum

Requirement
0.041

75

Pass

[N

Exceeds that
of parent
material

300

Test Method

ASTM D-751

ASTM D-751
(tongue method)

ASTM D-2136
1/8 mandrel
4 hours at -40°F

ASTM D-1204
212°F, 1 hour

ASTM D-751
(nedified)

ASTM D-751
method A

ASTM D-751
grab method

ASTM D-413
machine method,
type A
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Y REMEDLAL DRAINAGE MEASUR-S
:i Walter (. Sherman, Jr.
‘\ Tulane 'niversity
!
:‘_. introduction
b,
o - | - _
o i. Earth dams subjected to detericration as a result of percclation
! and, or interral erosion must be sateguarded by prompt and effective remedial
;:: measurec, These measures tor the most part involve either impermeabilization
B
f~:: (water tightening) or drainage.
™
™. J. The use of embankment and toundation drainage to provide for the
. coentrollee exit of secpage has long been ai established practice on Corps of
;3 ‘ugineers (CL) dams. The type and extent of the seepage contrel measures
k;: emploved varv widely depending not .nly on site specitfic conditions but alsce
:Ei on the age of the dam. Kemedial measures usually consist of restoring »or
!! replacing existing drainage facilities which are considered inadequate or pro-
ii: viding new drainage facilities when necessary. With respect to toundation
E; seepage, new facilities may include drainage trenches, relief wells, or per-
f; vious berms. New drainage facilities to handle embankment seepage may include
. vertical chimney drains, drain wells connecting to existing horizontal drain-
zi age blankets, rew outlets, or addition of drainage on the downstream slope.
:& All drainage measures result in shortened seepage paths which result in a usu-
ij ally slight increase in the quantitv of underseepage.
:) 3. In a recent (lY84) repor published by the International Commission
té; on Large Dams, a review was made ot various remedial measures applied in the
j; case of earth dams subjected to deterioration because of seepage and/or inter-
.:: nal ¢rosion. Where the problems related to the foundation (131 cases),
“: 37 percent o! the cases involved some type of impermeabilirzation such as cut-
':2 otf walls and grouting, and 31 percent of the cases involved drainage. Sim-
iEj ilarly, where the problems related to the ewbankment (137 cases) ¢3 peroent
05; invelved impermeabilization and 19 percent invelved drainage. On the basis of
: the above. it appears that drainsge and iwpermeabilization measures are ot
P approximately equai importance as remedial measures.
_:: 4. The subject report deals with new and innovative remedial draisage
"
:: measures ior earth dams and their earth toundstions when subjected to deterio-
| ! ration by seepage and/or internal erosion.
‘2
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Foundation Drainage

Retier wells

. tor dams fonnded on permeable foundation strata, contrel of under-
seepice ind feoundation uplift pressures i1s of prime impertance. 'n manv
cases, this hos been accompliched successfully by the use of pressure reiief
wella alone the downstream toe. Most permeable foundatinnsg tend te be strati-
“ied with the permeabhilitv in the horizertal direction usuallv manv times
sreater than i the vertical direction, Thus surface drains are cerevrally
iner“ective in reducing uplift pressures in underlvine foundation strata,.
“rossure re.ief welle have proven to be verv effective in the case of deep
strativied pervious foundations and constitute an important remedial measure

itnations where excessive fouadation uplift pressures develop alony the
toa oD rhe dam,

», The use of pressure relief wells as a reredinl measure on CE earth
vy Cects dates Trem 1942 when wells were installed ot Fory Peck Dam,  Dur-
ire T-lling o7 the reservolr, piszometers at the downstream toe Irdicated ar

ams Fead of about 45 1t above ground surface. A larpe eand hoil also
1

ceveiore !, belief wells were im . diatelv instalied, and the pierometric pres-

v drepped ac senn as the irst few wells were put into operation.

Jelier vells are an extremelv versatiie reredial mea<ure nffering
the Best veans of irntervcepting seepage ir deep pervious aquifers. The use ot
relic wells as a desien seepase control measure on levees and dame is well
motablished, and censiderable experience is available regarding the desigr =2rd
fnstallation of such svsteme. Therefore, thev represent an evcelient reredial
~easnre where it becomes necessarv to control underseepage.

#, The use of pressure relie!l wells to increase the ctahilitv of an
cvintine embankment s demenstrated bv the experiences at Smithville Dam
described bv Walbere et al. (19£35), Because of uncertainties recarding
crhanement stability at high poel levels, a sevies of four <-in.-diam wells
were in=t:lled at the embankment toe.  Pumrping thege wells reenlted in o
nios oerric drawdown sufficient te incrense the factor of safety with respect

cEMpg e oaccentable valves, Purpirye the wells, which wonld he required
' when the reservolr pool reagched o certain level, was coneldered to he

wodnterin solntion. A svater of perriinert relief wells, dicobarping
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into o buried coltlector pipe, was designed .o provide an adequate factor ot

. .
Satety for o al reot levels,

“Lo Jontratled prade open toe trenches of various types are commonlv
erploved ro lowver ground-water levelsz a2t embankment toes., Porous coencrete
slabs with or without an underlving tilter have heen used for shallow depth
trenches.  Wirn oreater depth the trencit s filled with filter gravels. VWith
Tarve anticipated tlows, perforated collector pipes withh manholes to rerrit
irspection and flow measurements mav be cmploved,

. Norrow trench drains at the downstrear toe of thne dam are ‘re-
fentiv used to facilivate the escape of shallow seepage and to reduce uplifr
vressures. Thewv are particularliv effective in prevenrting saturation aleng the
drunstredan toe.  Toe drains are less effective In cases where the frundation
permeahilitv Increases with depth or where the fourndation is straritvied.

j1. 07 specia' interest is the case where the downstream fournlation
“trata Aare cverlain bv an impervious or semipervious blanket., Trench drains
exteading throueh the blanket offer a means for reducing foundation uplift
pressures providing the foundation strata are not too pervious or highly
stratified. Anaivtical solutions for flow quantities and downstream uplift
pressure for horizontal and semicircular trench bottoms are shown in Figure 1.
The =olvtions for a two-laver foundation are given by Barron (1953). It was
found for cases where the lower pervious laver is somewhat more pervious than
the vpper pervious laver, the efficiencv of the drain is seriouslv reduced.

1., When the foundation strata are semipervious and ne topstratum is
presert, nartially penetrating trench drialns mav he employed usuallv cornected
with the horizontal drainage hlanket to collect seepage. Gradatione of the
drairn materiale 4re based on CF filter criteria. The drains are usualiv pro-
vided with perforated collector pipes connected with gravity outlets. Anp

evample of this tvpe of toe drainage svstem ermploved at Cochiti dar is shown

o Tipure (7 iliard 1985) . The ecallector pipe alwo corves ac g colicctor for
the pressyre velicl wells,
T4, The effectiveness of teoe drains increases as the depth ifncrea.esg

cwenier, eveoeter denthe bhooome uneconomical because of the Yarye excavarions
voquired ard costs of a4 dewatering svetem.  Deep drains genevalls reaquit. col-

ector rires with oatlets at low elevati.n. in order to he etroetive.
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ia. A method for constructing deep trench drairns ecoromically has been
cusidere! highlyv decirigble by manv engineers. Tonde (19700 enggested con-

stryction of trench drains veing a starch slurrv to support the gxcavation

piacement of the rilter =ard backfill. The srtarch weould be removed in

tew dova By obocteriological action thus creating a drain of the reaquired

a0 Wherbher aneh draipe were constructed e not known.
he radin wall, A method for constructing deep drainage trenciag by

the pore! perhod has been develeped bv Bachv Enterprises, France, iz method

desioribhed by Nenfau et al. (1981) has been used to construect drainage trenches

oo depths of abeout Y0 ft. Fucavation of panel secticns are supported hv a
Ricdegradatle slurve. Filter moterial is placed in lavers through the slurry

“roelwe can e laced as preformed panel units. Proceduree Tave leen devel-

pod Tor o evcavating and titting adjacent panels to provide & continuous wall-
oy french drain, The effectiveness of the droin hace bheen verified by field

rsurerents, At least five installations have bheen mad- as of 1986 according
*o o tach Fnterprises, who consider the drain wall to te more c¢ifective than
reliot wolle hecause of its continuous nature. Mo {ntormation i< available on

oocharacreristics of the hiodegradable medium.

6. Prefebricated drainage panels. Prefabricated panols of rlastic are

swailahle which have been supgested by manufacturers for potential use in
the ~ontrol of underseepage. The panels generally cereist of 2 placstic core
st v geries of peaks, vallevs, and warer channels whicl sapnort a geo-
soosile filrer fabric, The fabric allows water to pass freelv frov the soil,
berween the oper supporting core peaks, and to {'ow awav via the channels.
oo fvpe and rlacement (fully wrapped, one side onlv, or e veotextile at alld
o o*te filter rabric, the phvsical dimensions (thirkness, width, and Tength),
imel the tone and crushing strength of the core raterial can he varied to meet
o il omecuireaments., The permeability of some panels i reputed to be main-

1

toined 0 odepths up te 40 7t oand with lateral prescures of 1400 ncf . The

vre heen nesed primarily Tor the recuction of hvdrastatic pressures in

woooade gt cctures and hehind retainiop walls, & partial Tist af manufac-
torer o b shown in Tabte 1L The phwvsical characterieticoa of ihe parele vary
witate s vvidenetvy the panels Dave not beer used o anc scbharement Janms te
ts
eenite claims vade by the manufarturere ¢ prﬁ'aV1i~“‘~4 fra{nage
crve o thens romadn o pars dmportant guestione repardin, i Lt bi eas,
.
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The possihility of the filter cloggine with [ine so!l particles, smearing

effects caurca dbv installartion, and permeability characteristics Ip the trans-
verse ana axial directirns are fact - rs which rmav affect their performance. In
wddirion to furtber labaratory tecte | Tield tects are neelded to evalinite thelr

periormarce under job conditicns.

Fmbarkment Drainare

'A., Fmbankment seepage mav increase during the lite of » dar for »
varietv of reasons. Crackirg of the clav core {¢ usuallv the primarv cause ot
in-rea-eld seepage. Excessive seepage tor those duinms which do not emplov a
coimnew drain is usuaily denoted 1y wet spots or sleughing of the downstream

pe. The selection of & remedial drainage svstem depends u the magrnirude
ot seepagi, the geometrv of seepape pathbs, lucetion ~nd condition of existing
drainace fo:ilities, and time and furdine available for {mnlementation. [ oca-
riosn of tne snurce ot seepade mav he a dif¢irult time-consuming problem which
must bhe o anlved netor: designing an danpropriats secpiage controi medsure. Thie
is gpecially true for older dams where gond construction records mav be
tacking.
Dame with noe fnterral drainage

14, Older dams with no interral drainase svatems, {1 subjert ta <ubse-

cuent cracking, suld be subjected to undesirablie scepage. 'nder such condi-
ticry, the moct woitective approach, particalarlv if the embankment 1s ot
Tirdt.d helght, {s to cvcorate tne downetream peortion of the dam and incorpo-
rate 1 herizontal drairage blanket and chimnev dradn, A more cost-e foctive
coiurion consists of trenching near the axis ~t tie dam ro the Jepti of crocr-
ing, fillirg the trench with a filter material, and providing suitabhle outlets

at intervals t5 rthe downstream toe areas.

20 dle Coil Cepservatior Service (508) constructed a nurher of oo,

Trw ame with homoageneous oross sectierns in Ariz-na.  The dars, veneraliv ot

[}

RESFOE ST AR

wond elave o oqrndy cilts, tere not nrovided with seepare contal measures.

.

Mane of toe dar orperferncid cracking that appears te be asser.ated with des-

.
Lol

arcon,  The S0 gacotdtured o oremedial repalr procrer using o tilter -

crafnae. oo tem o ceal tne cracke,  Thia precedure described b Talboet oo 0
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DR canstere o tremctivy co tie derte of ecracking and i g the rro b
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with o oroperly groded gravelly sand rileer.  The design ysee Figure 3)

drain outiets, spaced at ianterva's generallyv less than 10U ft, thart

e constructed of gravels coarzer char the filter. “he coustruction is fea-

sitie as rthe doms avre generaliy less thar 30 tt 1n height and do not retdin

esclt oLy exeept in the event of high intensity rais torms.

wnt o drains
J..  For elder earth dams which have horisontal arairage blankers but
chimnew drain, through seepage mav be intercepted bpy instelling verivical

dretes downstream of the core which intercept the <xisting draiaage blanker

a

no

Various tvpes oi vertical drains bhave been developed prirarily for the reduc-

Lien sl eXcess pore pressures in tine grained sovils, but mav alse have appli-
I on b -

tlop Dot cnterceptingg embankment seepage.  Signiricant advances have been

cecent o made 0 the development of installaticrn egquinment and mat=rials used

crerabricsted dralns, permitting iunstallations to depths of over 30 m in
sinaLe creration ol rates in excess of 1 m/sec. A summary of practical fac-
stchs Lo inence the deoign, performance, and costs of vertical drainage
tens f- g rwesented Ly Modowan and Hughes (1980).
e major tvpes ol drain instaliaticns incluide: (&) traditional
uodraias. b osandwicks ceonsiscing of fiiter sand prepacked in geotextile

Toor ostovking and placed in predrilled hole, (¢) wrapped ilexible pipes

a

- cieimture ot tTesible, usuaily corrugated plastic pipe surrcounded by a geo-
- Pestioe tioter olath, and ody band driins such as Ceodrain and Alidrain.  The
O S Griina gereraiay heve insvfficient permeability to be considered for
3 sevilow Intercent ion in oan earth dam.
'..' it o
» . The Arrovite Dam, a 10-m-high ecrth fill dam in Argentina described
- clana o toai. B30 was ebserved to have nreas ol seepage on the dowr-
! cosa e of the dam during initicd impeundment of the reservolr uespite the
i peoverce cf g subatantial downstrear drainage biranket. it was concluded from
'Ol
» riersretric daty that the most 1ikely cause of seepage was the preserce of
»
< . tarocnrvifieasion In the erbankment with laver< o) hiwn permeabiliity
! alo cad The water to oexit St Lhe downstresm tace.  henodsol measures
rd
g sorten of vertical dracen, 4 odin, an digreter and aract Ino it deen,
‘: crtre dewnstreas ol pe el intercepting the drai.e blanket
.
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24, o wvovel approach to provide additional embankment drainage is being
carried out bv the (F kansas Cicty Divcrict at Kanapolis Dam. The embanknent
was constritted as a homogeneous section with a dewnstream drainage bLlanket
which was ‘ound to be inadequate wirtli respect to interception of through seep-
age. lhe Ransas City District is currently developing a method for installing
vertical drualns near the top of the embankment, which intersect the existing
drainage blanket. The drains consist ot 10-in.-diam holes filled with a
Dilter sard. Initially a geotextile sleeve was used as a liner but was subse-
tuenti eliminated.  The drains are spaced at 10 to 20 tt and extend to depths
af 70 te.  Trhe design and censtruction of the drains were developed on the
basis or ficeid experience. Data are nct yet available on the effectiveness of
the «oains in control of the embankment seepage.

Prvreiricated drainage panels

.5, Pretabricated drainage panels installed es chimnev drains would
~predr to have some merit in the case of small dams. An impertant advantage
woulid e that flow in the panels would be under gravity conditions to outlets
4t the toe o1 the dam. As previously noted, considerably more development and
testing are required before the panels could be considered for use in an

cme-ankment .
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Table 1

Tvpical Prefabricated Drainage Modules

Trade Name

bidim

Eljen Drainage System
Fnkadrain

Filtram

Ceofab

Geotech Drainage Board
Hitek

Hyvdraway

Miradrain

Permedrain

Tensor

Manufacturer

Quline Corporation
Elien Corporation
American Enko Company

ICI Americas

Mercantile Development Inc.

Southern Ohio Foam

Burcan Manufacturing Companv

Monsanto Company
Mirafi Inc.
NW Fabrics Company

The Tensor Corporation
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: _EMBANKMENT FILTER 3-FT( 1-m}-WIDE

! TRENCH FROM TOP OF DAM TO DEPTH
W GREATER THAN CRACKI!NG. TRENCH IS
p.- o FILLED WITH SAND-GRAVEL FILTER

. ; b

:": 1 CO30FT My B

V. -

1

\ DRAINED OUTLETS PROVIDED
INTERMITTENTLY IN DOWNSTREAM
SECTION

? !

Ansele)

REPAIR MEASURE FOR CRACKED DAMS LESS THAN 30 FT (9 m )

ot HIGH USING SAND-GRAVEL FILTERS
EMBANKMENT SECTION EXCAVATED TO
o / FACILITATE TRENCHING. REPLACED
{ WITH COMPACTED FILL AND
e / SAND-GRAVEL FILTER IN CENTER
e ~DRAIN QUTLETS PROVIDED
i 0 / INTERMITTENTLY IN DOWNSTREAM
- 1 SECTION OF DAM
‘- 30FT(9m) § /
e,
N 2-12-FT (0.8-m) WIDE
s TRENCH FILLED WITH
" SAND-GRAVEL FILTER
+
o REPAIR MEASURE FOR CRACKED DAMSOVER 30FT (9 m } HIGH
' USING SAND GRAVEL FILTERS
.'.(‘
.“"
9
¢ ) ]
o . .
"C Figure 3. Remedial seepape control on 5CS dams
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USE OF THE HYDROFRATISFE TO CONSTRUCT

CONCRETE CUTOFF WALLS

Jonathan J. Parkinson

Soletanche and Rodio, Inc., Paris, France

Introduction

1. The ZOLETANCHE HYDROFRAISE 1s a machline used for excavating trenches
for concrete slurrv walls. The idea of building such a rig stems from the
earlv 1970's when the need to provide deep underground parking garages in
Paris, France, led to the requirement of installing slurrv walls close to
adiscent buildings, through varied types of soil which frequently contained
hard limestone layers up to 50 ft thick. The traditional methods used for
cutting through rock, i.e., chise'ling or explosives, were very slow at best,
and not acceptable in an urban environment.

2. The name "HYDROFRATSE" is an abbreviation of the French for "hydrau-
licallv powered milling machine'" and describes the machine's basic features -
hvdraulic motors driving cutter drums. A less obvious but equally important
part of the concept 1Is the method used for continuous spoil removal during the
excavation process., The machire has been the subject of continuous develop-
meiit and refinement since its inception, but the btasic layout has remained the
same.

Description of the
machine and method of operation

3. A HYDLOFRAISE "work unit” consists of four principal components:
e Heavv dutv crawler crane, 100- to 150-ton capacity.
e Hvdraulic power-pack.
e HYDROFRAISE {itseif.
e Slurrv treatment plant

4.  The HYDROFRAISE consists of a metal frame 50 ft high, weighing 20

to 25 tons deperding on the model (Figure 1. At the base of the frame there
are three hvdranlic motors.

5. Two ¢f these operate che cutting drums, one motor heing huilt into
the center of eact drum (Figure ). The <reed of rotation is slow, ashout

[0-26 rpm, but the torque is sufficient to break up all the soil and rock

1




v ounteved during trench excavation.,  The drues have tooe-
which are repiaceabled tnew are changed witen thev bocome
[he rat: ol wear depends on the tvpe of soll or rock el
v, Ihe third hyvdra-lic motor operates 1 specin

Just above the cutter Zrume (Figure 3).  The drice =oatate
tion=, bringing the excavated material towards the “cuter
then upwards towsrds the lower orivice of the purp, wirich
itow of bentonite slur. in through this oritfice, up rhrou
suriace and thence to the desanding plant. All the excava

this ascending flow of slurry and thus removed from the

ISE excavates continucusly downwards until it reaches ¢

This spoil-removal svstem is similar in princ
[ -

Jireniatien svstem used on some rotary driiling rigs.

©. Uiean, screered bentonite slurvy is fed back into the top of the
trerch o compensate por the velume pumped out and for the increasing trench
Solure s wxcavellon proceeds,

8. The power pack is wounted on the rear of the ocrane. It is diesel
Jriven anag provides hvdraulic power for the tiiree down-the-hcele motors.

Y. Built into the uprer pnart of the HYDRUFRAISL {rarve, there is a
Prdraulic feed cvlinder (Figure 3). The support cable trom the crane s con-
Povted ©o o tne pisten ob this urit and not directlv to the HYDROFRALISE frame.
lhe ope-dtor can use this device to control the etfective weight of the HYDRO-

iy l.e.. the Torce o1 nue vertical resction at the base of the cutter
: . cutting throwsh cock, the maximuw weight of the machine is mobi-
Lice, vl ror excavating sorc materials, the weight can be partially relieved
thiat the excaevation rate does not exceed the capacity of tne speoil-removal
po che sturry deraading plant consists ¢t a slurry preparation unit,
Sting tanxs, ard the actue] dessuder, which works by centinuously screening
entrituging fhe spoll-Taden slurrs arviving from the trench. The type of
desacaler ceed o with o the PYREFOCUALSE croduces speils which s virtually free of
entoniiten TSN Looan e e by conventional towkers and truecks.  The
oot rhat 2D the sneds frem o the tretah trarsits to the dee s jer in oo pipe-
Prinos toweesher with the clean wtate o the spail, cecns that the work platiorm
Sl N e ter qr Catoo e Nept o dean a dirtrioale teat with a conventional
ot wo ! Tt foer
ty
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:ii 1. Tn a =single cut the HYDRCFRAISE creates an 8-ft long excavation:

\L' this is the overall length defined by the exterior of the cutter drums, mea-

R <

i sured along the wall axis. The lateral width, i.e. the thickness of the pane}

being excavated, can be varied by changing the drums from 25 in. (minimum) to

D R )
2t

« e e

5 ft, which is the practical maximumr. Operation depth is usually up to

300 ft, but greater depths can be attained to suit project requirements.

Excavation Performance

gy a T ke

o 127, Thne upper liuit of rock hardness for excavation with the HYDRO-

?~‘ PRAISE is an urconfined compressive strength of about 15,0600 psi. The excava-
in tion rate varies inversely with the rock hardress.

f; 13, The HYDROFRAISE is also extremely efficient in excavating through

;: soil. 1In dense :and and gravel or residual soils for example, the excavation
XN rates can te well above those obtained with clamshell equipment.

;3 14, The rne limiting condition on use of the HYDROFRAISE is the pres-
;: ence of boulders of extremelv hard rock. VWhen these have a diameter greater
Ei than about & in., they cannot be crushed or be removed by the spoil-removal
oK svstem, and the HYDROFRATSE is not recommended for use in situations where

2 there 1s a large quantity of such boulders.

: 15. The cutting action of the drums is such that there are no shocks or
: £ vibhrations, even when cutting through rock. This is of extreme significance
e for urban-tvpe slurrv wall sites, but it can also be important in dam repair

\ work where heavy chiselling during excavation with conventicnal equipment can
,.; cause vibhrations that are undesirahle for trench stability or can fracture the
:i rock surrounding the trench.

:b 1A, Since the HYDROFRATSE excavates a full-depth cut without being
‘: brought to the surface, it aveids the constant up-and-down motions of clam-

%: shell excavating rigs, which can cause locral instabilitv of the trench wolle
:i in some cases. Confirmation of this i1s found in the fact that overbreak is
:“ considerablv less with HYDROFRATSF excavared cutofrs.

°
’;j Fermanent Desanding
’o ti. Tihe use of the rever:ze circulation principle means that the bento-
".'- nite slurrv is continuously desanded and the slurrv in the parel being
-,

i
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cated L oalwave olean, with a low sand certent.  Thus there is usuallv ne
e d oty dertake an extonsive desaniing vperaticon when excavaticon is complete

Yore soncreting,

qel doints

B Voslurry wall installed using the 'YDROFRAISE copsists of primary
e secondary panels, hut the relative lengths or the panels and the method ot

corminge the joints is different from that o1 clamshel? valls,

', panels usualilv ceonsist ot three or five full-depth HYDRO-
FRATIY "hireg! (Vieure W) n the case o! a three-hite panel there are two

S-tt—iong eeaments sevardted bv o a eoil wedge' aboat 3-1/0 ft long, which is
removed by the third bive to give ar evcavated panel (8 + 3-1/0 + 8) =

ta-t 0t Toame. o tive-hite ponel! tvplcallv has an evcavated length of

I = d-1 0+ 8+ A/ 4+ Y = 3] fr, Once excavated, a primarv panel 1s con-

creted, without the uee of inint pipe= of anv sort. Concreting is by tremie,

as Tor oo toavercieral concrete cutofi wall, The primarv panels are accurately

nositiomed a0 chat thew are exactly 7-1/3 ft apart.

UL A mecendare parel ‘e formed between the primaries bv s single

Bive, wnich ds meceesarily Rt long. As the EYDROFRATSFE
desoends, (b encovates the -1 3-ftr jeneth of soil or rock left hetween the
imardes, cpd it Ll vemives L odn, frem the end of each adincent primary
cileure S0 Tipes i ode able o ocut inte rock of up te 15,000 psi, it has nro
SiTie i Lnocnrtioy the concrete of the primaries, which tvpically will have
a strereth of abour D000 50 when the secondaries are installed. When exca-
cetion has reached fulil dopth, the cecendary is concreted.

Ji. The panel “oint produced bv o this method consists of a serrated sur-

face resultine “rom the precence of eronves cut in the concrete of the primary

rane: duering evcavation orf the gecondarv, with a tight concrete-to-concrete

cortact hetween the panels.  “hege jecints have proved te he verv watertight.
o Aa mentione! ahove, deoint pipes are net used at all te form the

indfrra; this fa a0 fvpoartant o e over conventiera! methods, ecspeciallv
toy vy ohyick et e g ut .
sorioeatit s Cortrol
TR SN S P Piebh ocualits entotr o wall, and o particular
R R TR SIS RSN e crihed above, it s es<ecntial that the
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verticality vt o o eweavaties b e o L et s invate . 'n this respect the

HYDROERA D fan

—
5
—~

-

1t oot other equipment.

In o test per-ooeod v 0T - S tow depth o 320 fr owas

149
—
T
-
w
-
.

Thie L an he compared

with the wwaa . vieo e e . ’ . rercent of the denth.

e Severs raatar : : . sl oprecfsion to be
tetadneds Hallr e - : . eoour Livheprecision
AT T e tera, Wbl e . - = care cahin dnorrent ot
the oerarer. 0 ding o0 0 S - : retant sbserviarion te
he moade o the ortion i N o e T npdtuding ! and

tvaneveragl Jdivectione,

A, Toorhe evens o Py o B S Tarciradinal diree-
rlon, the coervaror can irmediare s oo e 0 g0 sy anantied to each
CTothie curtey SJrum motoTa D Suc oW thac ot hedagnjon i corrected.,

Jhe Devlationa dn the tranaversa! Jirecticn Cve corrected by actuating

cvdraalic pietens, wnich enable the cpmerator to tiit the plere of the entire
cutter drum assemblv in relation (o the PYorFRATSE - ame,

27, A permanent record of the verticality rez“ings and of other excava-
tion parameters can be obtained bv using the ENPAFRAISE. This device records
and provides a simultaneous printout of the following parameters:

e Your inclinometers.
e Torque cupplied bv each cutting motor.
e Excavation rate.

28, the guality of the finished cutoff wali, in particular the wall
verticalitv and the soundness of the parel joints, lesds to use o the HYDIRO-
FRATSE rno prajercts where the soll contains no rock, but where the abive

asrects nr other advantages o this achire dictate itz usc.

Aaplication to Mekapkment Da-c

o e setbod of mpersition b gl B RATS T melec Tt Riigh e cn it ahle
oo D T e conerete cutalta ror owrh cbepnr e Ggnd o rher e enage
[ 3T oot

B noaddition to the aone re o i el i e e eeed et it e




evisatina concrete structure at the point where the cutoff wall contacts such a

structure.

“
N 1. Also, when the cutoff is irstalled through the dam core and into
z “he rocs telow, the problem of keeping the excavation on line at the abutment
. ections, where the core-rock iInterface is often steeply Inclined, is solved
- “y ysing the HYDROFRAISE's verticalitv-control devices.
: 32. Another problem sometimes arises when the alignment of the cutoff
! intersects existing steel grout pipes, or concrete dental work at the core-
¢ rock centact. In both cases, the HYDROFRAISE can cut its way through the
! rhstacles,
'S , - .
>, 33, The HYDROFRATSE can be used on any cutoff wall project where bento-
{ rite slurrv is used during trench excavation. It has alwavs been used on con-
- crete panel-tvpe walls: either normal '"hard" ccncrete of 3,000- to 4,000-psi
o ctrength, or "'plastic' concrete of lower strength and greater deformabhilitv,
"~ There is no reason, however, why it could not be used for excavating the
A
( trench tor a scil-bentonite cutoff, where hard ground or other considerations
- Tavor its use.
ol 34, To date, the HYDROFRATSE has been used to install more than 4 mil-
g lion s¢ ft of slurrv wall worldwide including, in the United States,
St. Stephen Dam in South Carolina and Fontenelle Dam in Wyvoming. Tts continu-
2 ing improvement in performance makes it suitable for use on more and more
.
! rrojects, especiallyv those where its unique features can be utilized to the
5 fuil.
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General view of the HYDROFRAISE
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JET GROUTED CUTOFF WALLS '

Georgio Guatteri, Psolo Mosiici

Novatecna, Sao Paulo, Brazil

Victorio D. Altan

Suelotacnica, Buenos Aires, Argentina

Dimensions and Physical Properties of Soil-Cement Bodies That Can

Be Placed by Jet Grouting Methods - Recent Developments

Introduction

. .Jet grouting is a general term which can be applied to any construc-
tion method which utilizes an ultra-high pressure fluid (typically 5000 psi.)
to cut, replace, and then mix the native soil with a cewenting material, often
a water-cement grout. At present there are about eight different construction
techniques which can be classified as jet grouting methods.

Background and Historical Perspective

~

2. The original idea and early studies of using high pressure water
jets tou cut, remove, and cement soils were conducted in Japan about 1965 by
the brothers Yamadado., In early 1970, two competing forms of jet grouting
were developed nearly simultaneously. The jet grouting technique developed by
Nakan, originally utilized chemical grouts, but now water-cement grout as the

jetting medium which is injected at ultra-high pressures through horizontally

projerted small nozzles (1.8 - 2.2 mm), which are located at the bottom of a

single drill rod, which is depicted in Figure 1. Because the single rod is

AN

both lifted and rotated while jetting the grout, a pile-like soil-~cement col-

d . .

CON umn is formed, from whence arises the name of this type of jet grouting:
;\'.‘ . . N

. chemical churning pile or CCP jet grouting. Typical CCP columns are about
o

‘}r 0.8-1.0 meters in sand, and 0.50-0.70 meters in clay.

3. The other jet grouting technique developed in Japan about 1970 was

205,

termed jet grouting by its originator Yahiro and Kajima Construction Company.

]

?E The most distinctive teature of this method is related to the three rod system
™

{:s emploved to cut, replace, and cement the in-situ soil. The three rod svstem
:‘ is requirnd hbecause three different tyvpes of fluids are used during Jet

:E, grouting: water, air, and cement grout. High pressure water is spouted as

.
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In ey wvn el eaperiments were conducted by Novatecna in an attempt to
tmprove tioe osaen sethodology and construction oi jet grouted columns. Nova-

tevite wr bl ced the uimoo srcat method in rield trials where approximately

v lene s were drtbied fovaricus soil tormations (sand and clay) using vari-
s AT e par neter s fnocs e pressure and size, rotation rate, litfting

specd, arout D cection rate, comoressed air enshrouding the water/cerent jet).
e test o con v ents dndivated that colurns Jote 3 times larger than conven-
LI

ticnas o0 0 e s ocoud o be econcmically tormed 18 relatively large sized noz-

e e e oo e diameter) and high grout injection rates (200-250 1/min)

EN
"
~
-

~
-

il the columns. By injecting a larger slug of cement grout

hun thar injected during the CCP process, larger columns could

a

cate the soii,
e fermed vsire relatively 1ow nozzle pressures (3000 psi.). 1his approach to
Jet grovoine is i direct contrast to the original CCP process proposed by the

iriamese in the earlv 1970's, whn advocated smaller diameter nozzles (2 mm and
less), nigher nozzle pressures (5000 psi and above), and much lower grout
rnfection rotes 50-70 Il/min.). Pricer to 1986 over 150,000 meters of CCP col-
urre have been buillt in Brazil; after 1986, JG jet grouting has been used
almost exc.iusivelr by Novatecna and has been utilized on over 60 jcbs through-
out South Arerica to construct about 50,000 m. of large diameter columns

(U3 meters in diameter).

vt det grouted bodies

P

Cyiindrical bodies. The nnrmal shape of soil-cement bodies obtained

Sy fet croating method is anproximately cvlindrical. depending on thixot-
o ardd the Lo ooge vty of the sott. Generally, this bodv is designated a
coinmn. e cticmeters or the oolumns, in the same tvpes ol scil, depernd on
the i ectios narareters, whichh in turn depend on the available equipment,
espe ity on the purping system utilized.

. The cquipment normally used by Novatecna allows diameters of 1.2 m

-~

fooapplicatioops ot the S0P system and 2.2 m oin applications of the JG system,
ooubon, i e Clear that dianeters of about 2.00 to 2.20 m can be obtained with
Tine oocwster provided adequate pumping equipment is used. This statement is
vacod by oo tope ot jet grouting system In relation to formation of diame-
ter s Laraer then Jom. o The limit or the larpest column diameter that can be

e it iy of the verious jet grouting methods will be ot economi. il
rothe s i teons feal order. A row of columns with a distance between their

tsv o rasier than the diameter o1 each column forms a diaphragm wall.
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o
A "¢ Lamidrar bodies or panels. Another possible conriguration of soil-
N S _— -
B Cement Sedies fwothe panel that is formed in soil when the drill/injection rod
o | ‘
. Is renoved wlitnout roelatien,
§ I, Field rests were conducted in san Paule, brazil, in which panels
s
v were formed Torotihie 00 method in clayv oand in granular material by the
. Jueometivd. The tests showed that the CCP panels in clav resulted in slendev
;- tridneular vections ifipure 5, and the 06 panels in pranular materzals
v : ‘ . -
- resusited in rectangular sections (Figure 6).
(a UL 2uring thr rield tests which lead to the Improvement o! the Ju
.
-2
N technique, measurements were made to verifv the dimensions ~t the panels. In
N“ :
.l | ' . . : ; ' . . .
' the beginning It was noticed and proven in successive experiences tiat by
7
- using the same Jetting parameters (Table 1), double radial rainges were
v,
s obtatred In relation to the volumn diameter., he individual pranels have a
L5 . = N . . . .
ma width oo the sare eorder as the column Jdiameter. A deoutie panel equal in width
\-" i i . -
. Cootwe tpes Lhe corumn diameter 1s obtained with jets on opposing sides ot
il the ool et ieor rod.
- SS. Aiter a number ot field experiments in sand and cla. undertaken in
o e © o, Novateona has learned that the JG technique, can be used to form
+
:;J wola-oeient panels with lengths of 1.80 to 2,20 m in single panels and 3.60 to
( oo toddouble panels with wall thicknesses from 0.20 to 0.40 m.

+. % test using the G method was performed in March 1986, in two

. . i

Lopes o ighedensity artiticial soils, one with normal and well-graduated

PR

:,‘

fkﬂ
B

e distribution, ranging rrom clav to 2-in. gravel, and the other made

)

;? upeool rive wedls with medium sand and Porcland cement with 40 percent in

;: welsh O oo stenes from Doto 7 oin. in diameter. Columns with a diamcter of

2: appresimate]lr 140 m oand panels with 4 minimum individual length >t 1.50 m up
.

t: to o wmasmivun fergth of 1,80 m with wall thicknesses varying frem 15 to 30 cm

‘re ohtained in this artiricial soil medium.

-
T

"1 0y

«

.

0. Fncourazed by these results and foreseeing speciti. uses, Novatecna

P
s
i, 4ty

s relently tested a soll-cement bodvy congisting of two divergent double

)
T

154t

~

camivoy sanels iFigure o coupled hyv 2 column of smal) Jiemcter,  These panels

e,

re sotalned by utilizing four jet noszles set two-bv-two [in vopposite

. --
~. direortiens Crigure 3. The maximum total length of the double panels in heth
~ -
:/ tipes 0 o ils was approximately 3,20 to 3040 mo A row ot laminar osiunegle or
EJ '.
- e e winh a distance between their axes less thar twice the radias
!. e e teros a diaphragn wall.
" I‘ ‘ i
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l6. The cutoff wall tformed by the double laminar panels seems to offer
the following advantages over the column-type cutoff wall:

a. Due to the greater longitudinal extension of the individual
body, larger interaxial distances can be established. This
shape, therefore, should prove the most economical.

b. Due to the reduced mean thickness of the panel-type diaphragm
wall, it should also be more economical to produce since the
consumption of slurry will be lower.

Prcperties of soil-cement
bodies formed by jet grouting

17. Homogeneitv. By utilizing high-pressure pumping equipment, the in
situ soil is pulverized and thoroughly mixed with the injected cement slurry
and exhibits homogeneity comparable to a mortar or concrete. The resulting
50il cement mixture is called soilcrete. 1In a subsoil composed of various
layers of strarified material, the resulting soil-cement mixture will be homo-
gencous through each layer, presenting slightly different mechanical charac-
teristics in each layer of strata. In the transition zone between the layers
of strata, there will be ¢ gradual change irom one type of material to the
next,

18. Permeability. Based on the results of several tests, it can be

stated that the permeability of the soil-cement bodies is within the following

limits:
- -6
10 £ k £ 10 cm/sec

i9. Strength. The mechanical strength of the soil-cement depends on

four factors:

e Type of soil.

e Cement quantity.

e Water/cement ratio.

e Curing time.
The purpose of including strength values in this report is to give some yuide-
lines about expected strength ranges. Such values and relations should be
considered merely indicative for the purposes of this report.

Z0. Guideline - values oi compressive strength. The values of Tables 2

and ? are defined as the average results obtained from a series of many uncon-

tined compression tests performed on samples of cylindrical shape trom various
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soil tyvpes frow Japan, l!talv, Venezuela, Colombia, Brazi., and Argentina. The
strength values xkgr/cnf\ ire averages only. ‘he values correspond to setting
times of 30 and 120 davs and are related to tlie cement quantities (kg/m3) and
the water/cement ratio of the censolidating slurry as indicated.

~1l. Table + presents preliminary correlations between the indirect ten-
sile strerpth as aeasured in the diametral compression test (Brazilian Test)

and the compressive strength as measured in the unconrined compression test.

Con~iderations of tutoff Walls trom NUVATECNA Projects

Porte Primaverc Uam cutoff wall

J2. The cutoulf wall {eor a coftferdam over the Parana River, Sac Paulo,

Brazil, 19Y8., was the first of its kind in the New World (Figure ). Several
test walls were made with '0- to l4-m depth to demonstrate the efficiency of
the jet grouting svstem and teo delineate other tactors related to the project.
23, The cntoff wall was formed in alluvial sands with a 5- to
18-Stardard Penetration Test (5PT) blow count. The soil includea five contin-
vous lavers of firmly cemented conglomerate averaging in thickness from about
U.2¢v te 1.0 m. The maximum depth reached was 32 m.
24, Some important design aspects were:
e Irilling/injection - same unit - § 2-in. c¢rilling rod.
e ‘olumn diameter = 0.80 m.
e Cutoft wall in single rows except for one doable row stretch
paralivl] to river
e Interaxial (center to center of cclumns = e) distance:
Single-row sections e¢ = 0.56 m.
Double~-row sections e = (.60 m.
e Permeability of column material - k = 10—6cm/sec.
e longitudinal extension of cutoff wall - 2,000 m.
e Lrecution time - 140 days.
The other drilling parameters (nozzle pressure, lifting rate, cement
consumpticn, etc.) used to torm the CCP columns at Porto Primavera Dam are
listed in Table [.
2%, The yroject was carried out based on scolid soils data. The execu-

tion o1 tiv tests and studies took slightly more thian a year.

/6
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26. (Geometric specitications for this project (column diameter and col-
umn interaxial listances) were considered a valid antecedent and were adopted
tor the cutoil wall project later pertormed.

27. Tweo important observations resulting from information gained from
the Porto Frimavera project are:

a. In this particular alluvium type, the vertical drilling should
be coutrolled by instruments so that interconnection of adja-
cent columns can be assured, and therefore, insure an efficient
cutoff wall.

The jettirg parameters should be selected as a function of soil
characteristics (SPT) as the depth increases.

‘ercedes Benz pit

2o, The structural cutoff wall for a pit to be excavated in soft, sub-
merged soil in Szo Faulo, Brazil, 1987, presented no verticalitv problems due
te the limited column depth and the excellent soil properties (Figure 9). In
arite of the specified interaxial distance of 0.75 m between the columns of
0.80 n diameter, the cutoff wall formed with four-column rows resulted in per-
fect cealing. The 80 cm diameter columns were formed using the drilling
porameters cited in Table 1. The structural strength was excellent.

Dalmine Siderca pit

29. A structural cutoff wall was built for a pit to be excavated in
soft, submerged soil in Buenos Aires, Argentina, 1984, as shown in Figures 10
and !1. This pit, as far as we know, was the first to be performed to this
depth (7.40 a) ntilizing jet grouting, employing the drilling parameters
listed in lable 1. The results, both technical and economical, were
excellent,

3¢. With the knowledge and experience accumulated in the last two
vears, the authors Jeel that it would be possible to achieve comparable
results using G and fewer columns than needed for the CCP wall.
Capivari pit

31, A structural cutoff woll was constructed as a cyvlindrical shart
)

b, m in diameter, excavated in soft, submerged scil for the Companhia de

caneamento Basjco do Estado de Sao Paulo, Brazil (SABESP), 1986, as showr in

Fionre 10,

02, Vertical drilling control was not necessary for two reasons:

a. The drill/injection unit performed in a satistactorv manner in
the so0il type encountered over the 9 m depth required by tie
design.
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L. For (ructurdl reasons, the cutof: wall woe desigrned withh fwe
yows o olooodunns. The Tresuits ot this projec: wele excelient.
I’v f.f), - < ll,k
L e cule sl o woin o reor this danooacraess the llete River, Sao faulo,
srasio, UoRL was s orelativelv smalilo job (0,870 m oof 0P columns) designed o
S et i DANK VISR 4 Felniar ed concrete corlerdan ikRivure A0, e
cLbooto e tredted was sand U che hoettors gond clavey Ti1D oabove, A gouble row

CloCoLuTne waaou to foerm the cutot? for the kdgard de Souza Dam, which
woooo =inloar o thie design coincept used tor the Porto Crimevera Dam.  however,
Che time crent celbing the U020 codumns at kdgard de Sousa Dam vas only

L RS Pcateld in Tuble @, winich resulted in a column which was ebout
Sothe el ol toe o0 coluras used for the Porte Primavera bram.

ce. o Vertionl drilling control was unnecessary in this proiect due to
h
tio ~haliow deptn 12 me and the excellent soil preperties. & double row orf )
LUl s was ospes e Jdue to o the probability of encountering granite blocks at
e el eatleailties or the drill holes., The resulting cutors wall was cer-
Sraered an oexcellent exampre ol beth efiiciency dand economy.
3. e Structural o curofr wall for subsuriace work, Banco ltau, sac
: io, Ssragil, i¥Ep, was the irst diaphragm wall constrocted in hrazil using
tive 0 opethad. The designer selected an interaxial discance -t 7.0 m, fore-
dee e a neringl o corunp diareter of Losd m. There wers ne o verticacity probe-
cetis wutin this endeavor due Lo tue sidllow depth vegquired.
o The Site por Baneo DTdu wdas g tormer gasoline station.  The soil i
some areas had becone contaminated with spiiled 0il and wasciine which pre-
vented the cement siurry [row havjening. It {s imperative to perviorm a chemi-
cal analwsis or the soil to vetect the presence of petroleum products,
Sewerage, etc, s well o df gootechnical {nvestligations.
Uledra del dguili cutoli h
oo Twe sasi essential tor the eoffe.r ive design o o deep
L= rr o X0 Mt T W e !
[ P POLT P toed ainensicon ob e Sedlilorete body, b
e oANarante e IR { Codeviation crer the vortical oo
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argentine, at the Mledra del Aguila rite where a coucrete dam is presently
erder consty ction on the Rio Limay.

38, Sometime i the remote pas:, an undetermined geologica: incident
weurred which diverted the Rio Liray to its present course. The original
patecrauce coacient riverbeda) is a2lmost immediatelv adjacent to the present
river vallew, and is now completely tilled with quite diversified soil-types
lving In random, mixed strata of irregular dirersions tu a depth ol approxi-
natelv 180 m o belew the upper surface, which, in the area involved, is com-
colyv ocovered witn o laver ot basait te a depth of -60 to -80 m and with an
esponse of about 1,160 m. The level of the iuture lake is expected t¢ be

1

oro i aoove the upper surface ot the paleocauce; a cuteoff wall through it

LG aimlbe AT NS

o Ihe soluiion suggested or specitied by the contrace deocuments calls
Dor boavegnating the aliuviuwn with grouting substances by means of 1ow-
1tnrection te bhe implemented from two horizortal tunnels, one near the

Pottem or the basalt lever, the other 120 m above *he bottom layver orf the

LU, Tne Jirfritculties fawing the contractors in trying to transform the
speciried solution into o workable, cost-eflicient procedure gave NOVATECUNA
the dmpetus to develep an uiternite concept and design., we decided to design

jet=grouted crtefl wall pertorming all necessary operations from the upper
coortace o e hasalt cover oanag to take advantage of the exceilent periormance

Wl Novitedia, the desicn of jet-grouted cutotf walls consists

st ssdne the proper decisions regarding three asnecto:
e vhodce of the type ot soilerete body (colume or pan: ') and
e deirinition of the pertinent minimum column Jdiamcter or

pate! cxtension actually cobtairable iu the sofl contesxt of the
PO L i vane

1

izl tho: proper spacing between ases (interaxes) ot the
1.
b

pifutous scilarete bodieas,

Wheticr the wall stould censist of =ingie— or multipie-row

Podiew, andg 12 multiple rows are choran, betwee: which levels

et osbeunla e e ecutod,

Teoteds o owr ot U, the thard capect o was polod o consideration bocan o no o stoao-

taral oo criated which reqoired a oraltinie-row wnli.
coe s destial ovoeds o the prohiom resatted S ome conclusions based
the tiret o ispects ot ced above inoa oand b
-
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a. Takirs into account the difficulties inherent in drilling the
axial holes ior the soilcrete bodies thirough the basatt laver
and the a1liuvium, the panel-type bodyv was prelliminary chosen

(subject to confirmation by a tecnnical feuasirility study now
anderwav ).

b. The interaxis spacing woulid obviously depend on the minimum

gudaranteed extension of the designed pancis and would dépend as
well ou the actual guaranteed limit of maximun deviation fr
vercical actainable at the depths invelved. )

i

~Y.  To further detine uand cxamine these thrze interconnected cspects,

Novatecna decided to test the performance of the JO method In representative

= sampies of the soils invoelvad and to transfer the solution or the vrilling
-

0
:
©

roplems to a highly specialized group: the oil well drillers. We were able

te interest a highly qualitied oil Tield, mining, and deep-witer service com~
panv, Oresser-Atlas, in cur concepts; and early this vear, they began studving
. the ., while we in Brazil perfeormed our scili tests.
~ 44, The highlyv respected engineer, Proressor Victor de Melle, former

prezident of the International Society of Soil Mecnanice aud roundation Fngi-

- neering., studied the situation ard gave us wuis support. Afrer a careful anai-
< vsis or the available geclogical and geotechnical inrormation from the site,
2 bFe speciried two tvpes of soil from those present in the paleocauce alluvium

for the tests:

. A duiy proportioned mixture ©f :zomponents-ciavs,
3 sand ard gravel, and pebbles with grair sizes up to
2 it. and a molsture content between 10 and 15> percent., The
specitied denvity to be no less thar 7. o 2.4 t/m7 (1.5 to
Lin oot

b Tvee Bo o This soil is composed of a matrix of sand mixed with

N
!

Clarn

silt 2ud 5 percent in weight, Jdiy Portiand cement,
Spercent in weight, granitic gravel. pebble=, an: cobbles
ramying trom I to & in, in size.

cure representative of the lower porticn of the paleocauce's

The omponeiils Lor these soils were collected irom o large quarry
oty Braz it ohes compared and verified by oa highis qualiified lab-

Dol emiandrert was caretulle prepared to the wpecitied dencities.

e Lons ol tie enbantmeopt were large enoungh too aliow the svmmetrica!
o e st wonbdle panels and three columng {noeach type <oil (A and
ool Lardey Cerring parameteirs.  The excavatred entankient pave evidence

Centosodorete Bodies, Yhnels with g osipgle-shioer extencion of up to
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1.4 m were observed. Then using another set of jetting parameters, panels
with a single-sheet extension of up to .8 n and columns with 1.4 m diameters

were obtained.

46. Arter a detailed study ot the svilcrete bodies obtained in these

tests, we counsidered the results to be quite satisfactory in terms of the
dimensions oi the bodies and the quality of the soilcrete material relative to
the severe conditions thev were to withstand.

3/, Meantime the Dresser-Atlas team had arrived at the following
conclusions:

a. It is possible to drill the necessary holes for the cutoff wall
within the soil context of the paleocauce, meeting the special
requirements of very tight tolerances in vertical deviation.

b. Even with the thick basaltic cover layer, it is possible to
keep the maximum deviation of the holes at the maximum depth of
the paleocauce within the required limit of 50 cm.

c¢. Tools exist that are capable of meeting today's stringent
requirements for directional surveying of drilling and precise
well bore positioning. Special sensors assure measurements of
0.1° azimuth and 0.05° inclination, independent of magnetic
influence. Tight directional control during the drilling oper-
ation is a matter more closely related to cost than technical
possibilities.

=9

Taking into account the number of holes required and the rela-
tively limited amount of time available, the Dresser-Atlas team
designed & satisfactory, rapid drilling program at acceptable
cosc.

48. At this point, then both the basic concepts of the minimum guaran-

teed dimencions and the maximum guaranteed deviation limits were verified.

With this information, we can proceed with the design of the cutoff wall.

49. Based on the results of our Sao Paulo tests, the use of the panel-
type soilcrete body was confirmed. A reduction facter of 25 percent was
applied to the minimum exteusion obtained in the tests to define the guaran-
teed minimum extension of the panels to be used fur the actual design of the
cutoff wall. In this case, the design extension for the individual panelis was
1.2 n.

50. Theoretically, an adequate interaxis is the maximum horizontal

spacing that will safely assure a sufficient continuous seal between con-
tiguous parels (<r columns) tor the entire depth ot the cutott wall even in
the event of maximum alliowed deviation betwcen their axes. The coperational

procedure that in our opinion seems suitable tor eftfectively irplementing a

81
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potels todd parels), spaced surficiently rar apart so that an inter-

continueus connection consists of first injecting two jumoo grout

panel Leveln panel) can be jetted and used to o assure o ocontinuous cut-

s possible o determine

} o
(¢

oo Ay o roudvtering tne drilling operation, it

bolled peesiliviis ot the axes ol the odd panels with respect to the devia-

it

&

S

i

imins cdvantage of this intormation, then any even body mav be

elvo oated dn opeastion between two contigucus oda bodies so oas to
: the v " teets 01 the odd panel deviations by nmeans of the even
Tt s @il Jdeviations, thereby producing the required continuous
Lo !2odicne the cutot: wall to ensure sealing.
sertans we =honld rurther clarify the term adequate intzraxis. The
Cetweer Cwe o wontiypiious bedies should be such that even for the most
o nortiooy or deviation (maximum allowable in the design) twe
woodiles, ao=dtistactory compensation to ensure sealing of the wall

T.aide Puorens oorf the iutermediate even todyv bv prover positioning

olne funoaxis,
Ty ddetindicion is valid if the soilcrete bodies are columns; in
fnce we rknow the design diameter and limit of maximum vertical devia-
the hoaraheies, it becomes a simple matter to determine the interaxes

tisiv tie sealing requirements., (It is interesting to point out that

wo dre o teoaling with design extensicons of bodies with maximum allowable

deviativns, we could consider tangency between contiguous budies, i.e., zero

cverlapping, an acceptahle situation.)

o double divergent panel (see Figure 7).

o

>+, With the case under consideration, the type of cuteff body chosen

add semething to the definition of adequate interaxis:

The spacing should be such that even in the most unfavorable case
ot deviation (within maximum design limits), satisfactory compen-
sation could be made by means of the intermediate even body by
proper positicning when drilling its axis; and depgaazng on the
crientation and deviation of its own borehole, by adjusting as

ervire the continucous sealing of at least one row of panels,

. Tnocases 0! extremely adverse conditions of deviations such that
tio o medans ol oone intermediate body would not be considered pru-

“woo hendios preper it located hetween the twe deviating odu bodies

&,
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For this type of soilcrete body

isary betweer the pajrs of divergent jets, the resulting panels
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:, should provide adequate sealing. In this particular case we would determine
:: by tests the adequate interaxis spacing.

¥x' 56. The convenience and economy of the panel-type jet grouted cutoff

[~ wall desciribed are evident if we compare it with a hypothetical solution using
i: column-tyvpe bodies. Assuming columns with a minimum effective diameter of

:2 i.3 m (minimum radius of 0.65 m) and applving the same reduction factor of

- 2> percent, the minimum guaranteed design column radius would be 0.49 m,

jf‘ cemparable to 1.2 m of the panels single-sheet extension. However, aside from
Tf the fact that 2 design radius of 0.52 m is very likely not compatible with a
ok limit of maximum deviation of 0.5 m, we see that even supposing the possibil-
;¢ itv of drilling the holes perfectly vertical, the column-type wall would

:\. require more than twice the number of boreholes required by the panel-bodied
:- wall and would need a much larger quantity of cement as well.

:S 57. We have presented the criteria used in the preliminary design ot
oy the Piedra del Aguila cuteoff wall. We feel that the criteria presented are
f: valid and should be considered, where applicable, for constructing jet-grouted
o cutoft walls.

Final comments on the selected projects

'I l‘ 4‘ '.l
oo . »

58. The verticality control of the drill holes was not considered in

o

any of the reported cases with the exception of the Porto Primavera and Piedra

~
Ty
‘RS del Aguila projects.
RS
,: 59, In the other cases, where the columns were visible after excava-
e tion, it was obvious that in the range of depths encountered (up to 15 m),
e perferation in soft soils by the drill/injection unit resulted in excellent
[\~
. verticality. Visual inspections have allowed us to prove that the effective
':- column diameters were consistent with the theoretical forecast of the project.
J{n 60. The satisfactory results achieved, indicated that the choice of the
y

e

" column interaxial spacing was correct.

5
A
. Recommendations for Jet-Grouted Cutoff Walls
o

e
> Kusentjal concepts for design
f: 61. Souil characteristics. Soil characteristics are usually the first
,{- available data. The geological and geotechnical information should be com-
:i plete. Data sampling trequency should be on par with the complexity of each
! job.
)
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O o). dutor: wall etficiency. This aspect should be previcusly [ixed by
e
St tie desiznel.  fne relevant intormetion consists of:
l\ - ~ )
" N 1. The underground water levels up and downstrearn foom the pancl.
! . The maximum head loss the cutoff should provide in relation to
Tk the upstream water level.
i
o e head efficiency ot g cut: If panel (ratio o head loss between peints
> . - . L , :
s immediotelv upstream and downstream of the cutolr wall at its junction with
o
‘;) the hose 0f the dam to the head less acress the dam expressed as g percent-
s dwe’ iw yenerallv established to he between /0 and 80 percent.
.
-
AL k3. Guaranteed iimit of deviation related to the verticality of the
- ~-.
?:} drill holes. The guaranteed limit of deviation depends on the drilling equip-
N R
R ment and method adepted as well as the maximum depth of the cutolf wall and
S )
R Uhve 0Ll Cype
i “-‘,'n
‘\b: He. lue drill/injection unit nermally used for jet grouting can drill
w\
LN directlv inte clavs, siles, sands, and mixed soils up to 30 m. For greater
N2 )
°® Jepth requirements or perforations in alluvial scils containing gravel and/or
~F . X .
:,} ~tones, it mav be necessary to drill holes previous to treatmentc by means of
> '. -
B “~ PR . - s
SN equirnent especially designed for each specitic case.
L . . . . , . R
K Example: Te drill to 13 m depth in soil made up of /0 percent rclled
Y . - : . . ; . . .
vebbles of 0,5 to 5-in. diameter in the Limay River bed in Patagonia, r
we utilized Stanwick equipment. DNrilling through 80 m of basalt

nnderlving 180 m of heterogeneous alluvial deposit required the use of
equipment such as that used for drilling oil wells.

In each case, however, it should be possible to define by means of pre-
vicus testing the guaranteed limit within an acceptable safety margin
for the drilling deviation (in relation to the vertical requirements)
in the specific centext of the cutoff wall to be designed.

K
J-". . . . 3 : r3
A lhe word guaranteed makes sense inscfar as dimensicn, directiom, and
T level of the deviations could be verified by adequate instrumentation.
.- The term guaranteed limit should be compatible with the resources
SN available for the JG method to be applied in the cutoff formation to
,'L_ obtain the required sealing within economical limits. This guaran-
L{' teed limit should also be the one allowed or compatible ir individual
a4 cases.
A The best equipment available should be utilized to assure minimum devi-
y ;: ation within the acceptable limits at maximum depth. This irtormation
o should be available when the cutoff wall is desiygned.
b&' 5. Minimum puaranteed scii-cement body dimensions. When cheoosing the
o — m _——— — -
L 3 . R . . . Y . . . .
f%:“ vomethd to he utilized, the designer must take into consideration the mini-
ANAN mun dimensions of the treated woil bodies obtainable within the soil condi-
D\'l‘ T o o
g?:‘ tions encounterod,
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ob.  The minimum guarantced dimensions (diameter of columns or length of

peanelst to be considered tor the definition of the cutoff wall geometry will
result 1: the selection of a reduction factor for the minimum dimensions.
(the eone that is bused on previous in situ tests could be obtained at any

puint aleng the consolidated bodies in actual soil conditions.) The maximum

allvwed guaranteed deviation and the minimum guaranteed dimension of the con-

sclidated hodies forming the cutoff wall will constitute the basis of the
design for the wall.

n’. HYuite often, 'mplete soils information is not available during the
initial design phase. 1f this is the case, the designer must complete his
preliminary work based on the information at hand but should require that ade-
quite leld testing be compieted and the results be made available prior to
final de=ign ot the cutoff wall.

b&. Basic requirements for an in situ diaphragm wall test. The aspects

that must be considered in pertorming an in situ test should include the
tollowing:
o Analvsie of available geotechnical data - usually provided by the

client.

® Discussion and definition (with the client) of the limits the
diaphragm wall must ensure.

e Definition of stresses the wall may have to tolerate under
rarious circumstances.

® Nesign oi the cutoff wall (preliminary).

Location, shape, and extent of wall.

Minimum characteristics - strength, modulus of deformation,
permeability of the injected sovil-cement bodies in relation to
the various soil types it will encounter, acceptable tolerance
ranges.

Shape of soil-cement bodies forming cutoff wall.
e Criteria for definition of interaxial spacing.
® Analysis of resistance conditions expected.
69, The formation process of the test wall consists of the following:
e lirilling cf alluvial mass and bedrock.
e Type of drilling.

Fquipment, tools, and materials.

Sequence of cperations.

Productivity ranrge.
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Necessaryv inputs.

o

Sjj e Drilling verticality.

:ff: ® Maximum acceptable vertical deviation of drilling.

' n e Metheds of ensuring verticality.

;:: e Justrumentation and methods to control verticality.

.:j e Checking routines.

E;: ® Procedures to correct effects of eventual tolerance deviations.
\ o e Utilization of DACTEST instruments (monitor which continuously

i) records the depth of hole, rotation speed, torque, flow rate, and
water loss during drilling).

[4
!
[ ]

Jet grouted trial diaphragm wall.

. .
g:: ® Procedure and ranges of foreseen parameters for the execution of
s diaphragm wall tests.
LY
‘ﬁi. e Range of cementing materials consumption.
B
a:i ® Lquipment.

N ; . ; .

:, ® Coordination of ce€menting operations and drilling operations.
“. ® Procedures for correcting the effects of deviations occurring
boe, - during drillings.
N

L ® Necessary support and inputs.

> '_." ‘

f{i ® Routines for checking operating parameters.

.

70. Control of diaphragm wall efficiency is accomplished by:

-j: ® Proving rates of efficiency and acceptable tolerince range of the
-7 diaphragm wall.

:i: e Instrumentation programs and proposed surveys to establish

X efficiency rates in the trial diaphragm wall.

Conclusions from results of the trial diaphragm wall.

Procedures to correct eventual faults in efficiencv of the

O

o~ diaphragm wall and controlling the efficiency of such
f:w corrections.

r: ® Preliminary program for controlling the efficiency of final
;‘ diaphragm wall.

-

o /1. Time must be allotted:

tj e For design, execution, and test of diaphragm wall.
Q“: e For tinal Jiaphragm wall.
F, =

[ - . .

"2, Among the costs involved is:
» - )
‘:Q e Final cost to be drawn up with general contractor.
“%
[ Uesign guideiines
oY T
‘SR , - . . - )
v'ﬁ 73. The design of a4 let grouted cutoftf wall consist essentially of
1
decisions concerning:

e
R
"‘|0
i3

9.
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a. lhe kind ot consolidated-bodv which will form the wall, charac-
terized by the shape and correspondent minimum dimension.

b. The horizontal distance which will separate the axes oi the
overlapping bodies.

¢. wnether the wali should be composed of single or multiple col-

umns, and if muitiple rows of columns are specified, between
which underground levels they should be injected.

v

/4. The relevant decisions cenrcerning aspects (a) and (b) are closely

mterconnected, ard for the same technical result of possible alternatives,

the decisions should be directed to the most convenient eccnomical solution.

it is essential that the designer should have available the basic information

regarding the minimum dimensions of possible alternative bodies and the limit
¢f maximum deviations that can be obtained as well as the approximate cost of

alternutive components.

these

75. The rvelevant decisions concerning aspect (c¢) when impervious cutoff

wvallis are involved can be applied to particular situations, but not required

to assure the best performance of their sealing functions. The columns should

bo curticilently connected so that in the worst situation of reciprocal verti-

cality deviation of two adjacent columns, there should still be a minimum

safety connection or overlapping between them. The worst situation of recip-

rocal verticality deviations between two contiguous bodies is determined by
the pesitions of the axes of those bodies when both show maximum deviation and

oriented in the most adverse directions.

are

75, Keeping in mind the technical condition mentioned above, in our

epinion the alternative ways for a satisfactory definition of the basic design

decisicr« could be as tollows:

4. to predetcrmine one fixed
- rhe tvpe ot body selected
and to determine by trial
~verlapping bodies, which

interaxial distance compatible for
based on the economical convenience,
simulating adverse positions otf the
should be the minimum range (diameter

in the casce ot a column, or length in the case of a panel) that
“hennld oe guaranteed to these bodies or to satisfv the design

requirements,

Io detine the tvpe of

respective minimur range t
then

cortent o of thee cob o sice,

onven oy

T

vl e e s,
tols dnportoant to oemplige jre
cutor s e s raet iao e e, Flrot, rthe
B pees t NN FUCEE ISR AN “. :,IQ‘
Q-

interaxial

telt

body which will forn the panel and the

hat could be guaranteed in the soil
to which should be the
distacce satisfice the design

deterrmine

chat

hat the analyvsis should censider the
odd hodies are torred, thes the cven
Pedies < ould be lecalblized in oo ch
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;;;E a way that each cne compensates tor etfects of the deviation on the two
;ii; adioining odd bodies
;:;: 78. In cases o1 extremely adverse situations of reciprocal verticality
:\ deviation orf twe adjacent odd body axes, a satisfactory compensation may be
xgt accomplished by means of two even bodies rather than one in their respective
ﬁ}: positions.
‘éi- /9. For the column-type diaphragm wall, the specified procedures are
‘fl‘ simple and quick. However, when using the double laminar panels (Figure 7),
?i the procedures are not so simple and a special computer program should be
E: developed te aid in determining the proper procedures. The suggested
.f: procedures imply the absolute necessity to know the direction of the deviation
{ in terms of dimensions, orieuntation, and location in relation to the vertical.
:;;: 80. In short, the fundamental criteria that in our opinion should be
:i: taken into account for this type of project are:
:::: o Design the diaphragm wall according to minimum guaranteed
® dimensions of the consolidated bodies.
:ij o The satety factor adopted to transform the minimum dimensions
uj- into minimum guarconteed -‘imensions should be fixed by the
e designer.
-
o o Design the diaphragm wall taking into account the maximum
compatible deviation in function of the diaphragm wall depths and
e in determining the correspondent controls.
(- This cencept implies that if a diaphragm wall has variable depths, the design
<:;¥ could toresee larger interaxial distances in shallower depths.
]

2 O

Verticality Deviations and Corrections for Sealing Between

-
« 5 a

L

Two Laminar Double Panels of 0dd Order

o

;f 81. Figures 14 to 16 illustrate examples of (a) theoretical location of

,1; adjacent panels without deviation, (b) location of even bodies to compensate

;’; deviation of odd bodi«.., and (c) jets location of even bodies that also had a

> maximum deviation to (.upensate maximum deviations of odd bodies,
respectively.
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Table 1

Jetting Parameters

Porto Primavera Dam (CCP Svstem)

Pressure.. et innenencenennness 5,000 psi
Time ... .ttt 4,1 min/m
NOZZIE@ teevenrionnnoneeranenananns 2P 1.8 mm
Slurry Quantity ............ eeses. 62 2/min
Cement Consumption ...eeeeveoeensan 140 kg/m

Water/Cement Ratio (Dry Weight) .. 1.5 : 1

Column Diamete™ ....v.ivvevenennnna 80 cm

Mercedes Benz Pit (CCP System)

Pressure...eccev.nne e cecanesena 5,000 psi
TiME &' iivenonenennsnancsnnaonnas 3.75 min/m
Nozzle ..... Cerereeanaan Ceecirenaa 292.2mm
Cement Consumption ........ ceesess 375 kg/m

Water/Cement Ratio (Dry Weight) .. 0.8 : 1

Column Diameter ........ teceeseenn 80 cm

Dalmine Siderca Pit (CCP System)

Pressure....... cheeresaen ceeeseess 9,000 psi
Time tuveeninaeanns Creseseaean ee. 3.33 min/m
Nozzle iiiiieenannn ceereseereses 20 1.8 mm
Cement Consumption ......... eeeess 150 kg/m

Water/Cement Ratio (Dry Weight) .. 1.1 : 1

" Column Diameter .....ccvcineeenans 70 ¢m
'x:..
: (Continued)
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Table 1 (Concluded)

Edgard de Souza Dam

Pressure....eoesee. . ees 4,200 psi

2.9 min/m

e AN

Cement Consumption .
Water/Cement Ratio (Drv weight)...

Column Diameter .....

TR S Yl

CaEivari Pit
Pressure* 4,300 psi

2.9 min/m
Grout Injection Rate* , 118 2/min
Nozzle* 2 9 2.4 mm

4,300 psi

2.9 min/m
Slurry Quantity ......... 279 2/m
Grout Injection Rate%*,, . 95.6 2/min
Cement Consumption ,. .. 212 kg/m
Water/Cement Ratio (Dry Weight)... 1 : 1

Column Diameter .... . 75 cm

* Pre-rupture using only water as the jettiny
material.
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S Table 4
e
".-_ Soilcrete Properties
N
?
‘) Ratio of Tensile Strength to
‘:\. Unconfined Compressive Strength
Ky Experimental Conservative
oy Tvpe of Soil Range Range
. _type ol ovil 8 g
o Clay 0.18 - 0.36 0.18 - 0.23
\
= Silev Clay 0.16 - 0.32 0.16 - 0.17
*o
e Slayey Silt
_'(-: [norcanic vile - 0.14 - 0.15
Sandy Silt 0.11 - 0.26 0.12 -~ 0.13
. silt sand
o
Y Saud 0.08 - 0.16 0.10
I\‘
:'\: Sand with Graves - 0.08
Vit
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Figure 5. Typical CCP panel in clay
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Figure 6. Tyvpical JG single panel in granular soils

Figure 7. Typical JG double panel in granular soils

W L

‘- !'P- - \ AL SR ' ‘ 4 - v "!:b.h,'l ~:..0 !" u.:"t:




ahh o roTTYTYs - aa- aa aa iAo A icied kol dak il ol ale At Aol adii i dian

\ve{‘-',&._

P
'f'f’) >

U
Ytet, !
PSSP

A
AL LN

DYy

| DUMPED SOIL

-1

& e et ~ 1.5m —5—
4 IS 224 7} ALLUVIAL SOIL WITH SLABS OF CONGLOMERATE
.. IR o Gt S S
1.5m
-0 DIAPHRAGM WALL MADE BASAL
::\ OF CCP COLUMNS COFFERDAM
S8
D
OO
2y T
e
o
i 220 —
270[= (*) FINE SAND E

3.5 _.
410 = (") MEDIUM SAND

455 = (*) WwITH GRAVEL

“ [}
PRI
Ce

At
[ars

{ 5.00

.‘.-:

$". 6.75 | —

“a- 725 —(*)

A% | ]
-,,_- e o e -0
o & oo SANDVITH GHAVEL ] |

g J “Fl 8ASALT DOUBLE WALL
) f: (*) LEVELS OF CONGLOMERATE

>

-0 REPRESENTATIVE ALLUVIAL PROFILE

Y

-

".‘-" METERS OF CCP COLUMNS : 28,000

CONSTRUCTION TIME : 140 DAYS

o e
»

-
Lt
it
’u'u"ft

s
‘N
"'
.0 &l
g,'

S Figure 8. Porto Primavera cutoff wall for a cofferdam
f\: over the Parana River, Sao Paulo, Brazil
vt
Ly
9.

'; (o
"o
Nt
v
ot 97
g
A

.I
o
‘_\

N

15

S N W T G ¥ W e IR » B P Y S e R AN N S W e e L T W N % L, o R L e LN L
ol . ' )



PAP AT,

-

alrrrsr ot

-
'4'-'1‘1

s 0 ¢ L € N

o o

T et 1 I 1 a2 vox

o

o

- - -

\L&A -

.r/.'(v'-

v‘,n n

Al e hacAie-Ahe ke Al Ale Bbe Sha AN &

19.8

6.0

C.C.P. COLUMNS

DISTANCE BETWEEN CENTERS = 0.75 METERS

NOTE

-0.2
Av4
A Al S W.T X AV
ila- Y 13
® “I* ORGANIC CLAY
{$ _1lia0f LOOSE
-5.45 2.30
s - 5o N YELLOW SAND
A% b
o5 ] - 4/30
e ! o
-9.50 ol * 16,30
= o 14
% COMPACT SAND
15/30
C.C.P. COLUMNS
1630

PIT 19.8 x 6.0 x 5.45 METERS

QUANTITIES - 3,000 METERS OF C.C. P. COLUMNS

PLAN

PERIOD OF EXECUTION - 45 DAYS WITH ONE OPERATING UNIT

ELEVATION, m

19.8
—4———‘—1'

PROFILE OF GROUND

Figure 9,
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Figure 11. Tnside the Dalmine Siderca pit after completion of
cutoff wall, Ruenos Aires, Argentina
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REINFORCED DOWNSTREAM BERMS

by James M. Duncan
Virginia Polyvtechnic Ilnstitute

Introduczion

1. This paper was prepared for the "Workshop on New Remedial Seepage
Contro!l Methods for Embankment-Dams and Soil Foundaticns' held at the US Army
Engineer Waterwavs Experiment Station on October 2lst and 2.nd, 1984. The
subject and title of this paper, '"Reinforced Downstrean Berms,' was selected

1 I

by the organizers of the workshop.

2. The paper is divided into two major sections. The first deals with
tactors that govern the performance of seepage berms. 1t borrows heavily from
recent theoretical work on the subject by Barron (1984). The second section
deals with the characteristics of four different proprietary systems [or rein-
forced watls and slopes, including their compunents and behavior, their

design, construction, and cost,

Downstream Berms tor Seepage Control

3. FExcessive seepage irom the frundation at the Jdownstream side of an
embankment dam carn lead to unsafe condirions with respect to erosion and pip-
ing. ©ae means of controlling such seepage and improving the satetw of the
structure is to construct a seepage berm on the downstream side ot the dar.
Seepage berms restrain the foundation soils from being eroded by the seepige
emerging from the f{oundation.

Design of seepage berms

4. Seepage berms are most effective if thev are more permeable rthan the
underlying foundation soils, or if they are constructed on a draivage hlavhor,
A completely permeable berm has no effect on the seepage conditions and de v
not change the heads in the toundation. Such berms allow the water to flow
freely from the {oundation, while the underiving soils are restrainct. To

prevent foundation soils from being washed inte the voids in the berr material

LO6
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by upward secpage irom the foundation, the lower portion of the berm must sat-
isty tilter criteria wiih respect to the rfoundation.

3. Swoepage berme can be constructed using soils that are less permeable
thaa the toundation, but wider anc thicker berms are required to achieve the
same degree o!f imnprovement. When scil with lower permeability is placed on
the tfoundation downstream trom a dam, emergence ot seepdge from the foundation
is resctricted, The heads In the foundation therefore increase, and a thicker
berr {s reguivred to counteract the increased uplift pressures. The berm must
be wider «i:0, hecause the heads decrease more gradually with distance
downstrear.,

t. Farron (1984 made theoretical srtudies of the widths aud thicknesses
o' sedpage terws censtructed of permeable and not-so-permeable materials. He
ferised eguations that can be used to determine required berm widtihs and
tnickresses tor o wide range of geometry and permeability conditions.

S. An example 1rom Barron (1984) is shown in Figure 1. It pertains to
oo tevee 30 orr hiigh, with a 5-ft-thick blanket capping the permeable foundation
o lin. It v be seen that the required berm width is about 300 ft if the
permeabilbivy of the berm material is not less than that of the underlying
hlonket material., When the permeability of the berm is less than that of the
Siaibet, however, the berm must be considerably wider to achieve the same
degree ot satetv, Fur a berm one~tenth as permeable as the blanket, the
regored bers width would bLe abour 1,000 ft. For a completely impermeable

cerr, e reguired width would be nearly 1,400 fte.

~.  arron 1984 used mathematical analveis to derive formulas for com-
i, i e sared widths and thicknesses of seepage berms. Barron's analy-
o1 co s ed s nuber of Cares tihoal are ot considerable interest and which
T coeranle mathernatical corplexity.  Some ot the formulas he derived
e bt easy t 0 wee. A vumber of the results derived by Barron are
e oo rollowin paravraphe, in simplitied form. The simplitied
o e ottty roper dsoantesded toomake eanier gy, lications o
Pt tic el ca e, Lhe siTplitiee approach deed not include
oL . cors e s naar o r,oardg it o dnvclves sore approximations ot
' ‘ RN O vocdeedo
* ¢ i ‘~1IZ[7“A‘ ‘f, R };t M=
, ‘ cen o yn o ived ter dntinitely permeaible and ter ocen-
ot s T e e le hiers cre wiven dn Pigure J. The terms use! in thege
.
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tormuias are detfined at the bottom of Figure 2 and in the sketch at the top of

FLaure i.

1, The rormulas given in section (1) of Figure 2 can be used to calcu-

dte berm wiodths tor cases where the permeabilitv of the berm material exceeds
that of the upder!ving ratural blanket, or where a permeable blanket drain
caderiies the perm.  in this case, the distribution of heads in the foundation
is not aftected by the berm. The head at the toe of the embarkment (ht)’
which 15 the some after the berm is placed as it was befere, can be calculated
using the lormeia given in the figure. When ht nas been determined, the
required berr width can then be calculated,

11. Ailthcugh the formulas at the top of Figure . were derived assuming

the herm permectility is infinite, they can be used to estimate ht and B for

cdses where the berm permeability exceeds that of the foundation but is not
intinite. As can be seen In Figure 1, the required berm width increases as
the Lerm permvability decreuses. For the case where the berm permeabilityv is
ecual to that of the underlving natural blanket, the required berm width is
about 4 percent vider than for an infinitely permeable berm. It seems rea-
scnable to use the formulas in Figure I to determine the berm width for infi-
vite permeability, and then to increase the width to account for a finite
value of permeability using Figure 1 as a guide. Also ht sitould be increased
by the sare factor as applied to the width.

vo.  The formulas given in section (2) of Figure 2 apply to the case
where thc berm is completely impermeable. 1In this case, the berm completely
ceals oft seepage from the foundation, and this results in higher heads within
the foundation. With no upward seepage through the berm, the variation of
head with distance from the embankment toe is linear, and the value of ht can
ve calculated once the berm width is known.

13. While the formulas given in section (2) of Figure 2 only apply Lo
cenpletely impermeable berms, the values can be adjusted for cases where the
bevm rpermeability {s smaller than that of the underlying blanket but is not

zero. liis adjustment can he made using the factors shown in Table 1, which

were derivea irom the example shown in Figure 1. For a completely impermeable

beris, toe toroctia ta Figure O gives a required berm width of 1,370 [t to
acliivre a tactor of safety against uplifc equal to 1.50. For kt = kh (berm
porimcas ity equal to bluanket permeability), the required berm width is 170 f¢t
ter kB 1LoG, o 27 percent of the required width for zero permeabilaty.,
108
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14. Values of ht calculated using the formulas in Figure 2 can also be
adjusted for other values of berm permeability. The adjustment factors, which
were derived from calculations given by Barron (1984) for the example in Fig-
ure 1, are listed in the right-hand column in Table 1. For a completely

::: impermeable berm and F = 1.20, the formula in Figure 2 gives a value of

P A

ht = 22.2 ft. For kt = kb (berm permeability equal to blanket permeability)

:;: and F = 1.2C, the value of ht given by Barron (1984) is 12.5 ft, or 56 percent
;;, of the value corresponding to zero permeability.

‘:; Determining required thicknesses of seepage berms

'i; 15. The regquired thickness of a seepage berm is governed by the head
’ji beneath it and the desired factor of safety against uplift. The factor of

. safety against uplifct, defined as the ratio of upward seepage force to buoyant
'ﬁg unit weight, can be calculated using the formulas given in Figure 3.

ﬁs I6. Two expressions for factor of safety are given in Figure 3, one for
25 the factor of safety against uplift of both the natural blanket and the berm

[ ] beneath it, and a second for uplift of only the seepage berm. Either of these
iz may be more critical, depending on the relative values of permeability of the
f$: berm and the blanket. When the blanket is less permeable than the berm, the
;E: factor of safety against uplift of both the blanket and the berm (given by the
{ first expression in Figure 3) is usually smaller than the factor of safety for
);j the berm alone (given by the second expression).

iig i7. The expressions given in Figure 3 can be solved for the value of
::: berm thickness required to give the desired factor of safety. Using these

” expressions with h = h, gives the required berm thickness at the embankment
.\j toe. )

.:; 18. The required berm thickness at the downstream end of the berm is
‘:8 zeru for cases where the berm is more permeable than the underlying natural

‘ blanket. For cases where the berm is less permeable than the blanket, some
fﬁ# thickness is required at the toe. The thickness required can be calculated
.is using the formula given in Figure 4. This expression gives the thickness

ii: required to achieve the same factor of safety against uplift at the downstream
!1 toe of the berm as for the area just beyond the berm toe. 1t was derived by
:;;: using the first formula in Figure 3 to develop an expression for the factor of
?% safety of the blanket alone, by setting the berm thickness equal to zero.

.:; This expression then gives the factor of safety just beyond the berm toe.

.
i
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This expression was then equated to the second formula in Figure 3, and the

resultirg equation was solved for the value of t. This value of t thus
corresponds to equal factors of safetv at the berm toe and just beyond the
berm toe. This value of factor of safety is the one used in calculating the
width of the term, by means of the formulas given in Figure 2.

19, If the berm was completely impermeable, the head at the base of the
natural blanket would vary linearly with distance downstream from the embank-
ment. A berm with uniformly varying thickness would have the same factor of
safety at all lecutions from the embankment toe to the berm toe.

206. If the bherm has a finite permeability, or even if it is infinitely
permneable, the head does not vary linearly with distance downstream from the
embankment. Near the embankrent toe the vaiiation of head with distance is
more rapid than it is further downstream. In this case, a berm with uniformly
varving thickness has a4 higher factor of safety in the area between the
embankment toe and the berm toe than it does at those locations. The thick-
ness of the berm would have to vary in a nonlinear manner with distance from
the embankment toe in order to achieve exactly the same factor of safety at
all lccations. Barron (1984) extended his theoretical studies to include
consideration of how the berm thickness should vary to achieve an exactly
unitorm tactor of safety.

21, Because of the way the head varies with distance downstream from
the enbankment toe, if the slope of the bherm surface is constant, the minimum
tactors of safetv occur at the embankment toe and the berm toe. All of the
area 1n between has a slightly higher factor of safety. The extreme magnitude
¢f this etrect cccurs when the berm is intinitely permeable. In this case, a
savings in volume of about 30 percent would be possible if the berm surface
was graded in a curve calculated to achieve exactly the same factor of =afety

at «il lecations. The details indicating the required shape are given by

jarron (1984) .,

Reinforcement of Berms

2Z. As can be seen from the discussion in the previous section, seepage
berms w.uelly have mild surface slopes and small thickness at the downstream
end. Thus, in most cases, there would appear to be little need tor reinforce-

ment ol seepage berms, In some situations, however, a seepage berm may have a
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steep slcpe that would need to be supported or reinforced for stability. This
might occur, for example, at the edge of an outlet channel below a dam. The
foilowiry sections consider the possible use of various types of reinforcement
for such slopes.

23. Slcpe reinforcement systems of the kinds discussed in this paper
cre proprietary. The companies that market these systems employ engineering
staifs and are able to provide engineering assistance to design engineers who
wish to use their products, as well as technical information regarding their
procucts and their design methods. Through this mechanism a considerable body
ot extreuely valuable design and construction experience is available to engi-
neers who mav be unfamiliar with the details of the various slope reinforce-
ment .systems, but who would like to explore their potential value for use on a
particular project.

Reinforced harth

24. Reinforced Earth, a product of the Reinforced Earth Company (head-
quarters in Arlington, Virginia), was originated by French engineer Henri
Vvidal about 20 years ago. It has since been extensively used in Europe and
the United States. Manv of the applications have been for highway bridge
abutments, but a wide variety of other applications have also been made,
notably including marine structures.

25. Reinforced Earth walls, shown in Figure 5, emplov galvanized or
aluminum ritbed strips as the reinforcing elements, and precast concrete or
steel panels as the wall facing. The facing panels overlap to prevent ravel-
ing of the backfill, and cork is used in the joints between panels to accommo-
date difierential settlements. The backf{ill for Reinforced Earth must be a
fairlv clean sand or gravel, with less than !5 percent finer than the
# 200 sieve, and a PI less than 6.

26. The company provides a full range of engineering services, includ-
ing preliminary design and cost estimates, final design, assistance at prebid
and preconstruction conferences, and assistance to the contractor during
construction.

Hiltike: Welded Wire Walls
and Reinforreu Soil Embankmerts

27. The Hilfiker Company, located in Fureka, calitornia, was awarded
its tirst patent ‘or a reinforced retaining wall system in [49 770 o now 7 - ids
several. Hiliiker walls have been used 1or a wide varicty ot appbic ctior
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including bridge abutments, landslide repairs, embankment stabilization, ero-
sion control, and others.
8, Two different systems are marketed by Hilfiker. Their Welded Wire

Wall, the less costly of the two, uses wire mesh and wire screen as wall fac-

;

irg (Figure ©). The second system, Reinforced Scil kEmbarkment, which is chown
in Figure 7, uses precast concrete facing elements. Both tvpes use galvarized
wire mesh as the reinforcing element, and both interlock ror assembly, so no
bolts or other Yasteners are required. Backfill materials range from CW to SC
bv the Unified Ctassitication System, and required compactionr is 90 percent of
Standard Proctor.

29. Hilriker provides a full range of engineering services, in addition
te manufacturing the wall components. Many designs are standardized, and
designs for unique conditions are prepared on request.

¥SL Retaived Earth walls

50, The VSI Corporation has its headquarters in Los Gatos, California.
'r husiness since the 1960's, VSL was originally a contracting company spe-
cializing in post-tensioning. Unlike the manufacturers of the other wall sys-
cers ivcluded in this paper, VSL offers construction services and will build
coapliete wall systems, including erection and backfilling as well as manufac-
turing the components. VSL will also work with other erection and backfilling
centractors 11 desired.

51. Ketained Farth walls, suown in Figure 8, use galvanized wire mesh
reinforcing elements and precast concrete wall panels. The company does not
set general specifications for acceptable backfill systems, but candidate
Packtiills must be approved by VSL engineers. Retained Earth walls have been
used for a wide range of applications, including bridge abutments, retaining
wails, stressm protection, and others,

2. VSL empleys structural and gectechnical engineers and ofters a wide
range c¢f services, including consultation, teasibility studies, design, and

construction.

Tenrar Ceogrid-reinforced walls and slcpes

3. hae densar torporaticn has its headquarters in Atlanta, Ceorgia.

lensar foes recently reached a marketing agrecment with Arnco, and information

Boaen oo proeducts is available from all Armeo otiices. Tensar Geogrids were
Sovet ot ed Hirorofn bngland by oa cempany called Netlon, 1td. The geogrid
st oo dng process invorves punching holes in sheets of polymer and
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stretching them at elevited temperatures. As the polvmer sheets are

stretched, the molecules become oviented in the direction of streteh, and

their strengtt, is increasced. The oriented polyvmers actuaily have tensile

srrenpths exceeding that o1 some steel.  The polvmer prids are chemicaliy

inert under moot circamstdnces encoeuntered in buricl, and the grids are thus

et osuijeot

polvaer mix te rele the peoprids resistant ro duamage rrom ultraviolet

radiation.

.

Jrosome crolicariens, for tacipz also, as showa in Figure 9, The exposed grid

pacing systen
face . ! the w

A0 L tlve

cateriais.

arcund deslyr
decorative an
ticns 1ncslude
coastal o soruc

15. Be

engineeis in a number of offices around the United States and provides a wide

variety ot an

studies, teci:

advice

,h‘,. i
forcenent a0
Foiankment s,
hized Sicel v
similar trpes

praoai Lt usve

riv.e i reir o

oo et
Conoshr L
l.*«f' [

11. 1
che i N

o detericration by cheri-al actice, Carbon biack is added to the

all can be seeded to develcp a turr covering. Other tvpes of

4 protective element in front of the gecgrid facing. Applica-

e hedbded Ware WUl prodoeea by Hiltiler mes no o concrete tacing,

i

wrid-reinterced walls use the polvmer grids tor reintorcing and,

12 valled tre "wraparound" design., With the grids expoced, the

iso feen used. ‘These include brick, woed, concrete, and other
Jacinge can be attached to the reinforcing, or ~1ch the wrap-

. the “acing car stand in front of the wall face, serving as a

retaining walis, reinforced siopes, iandslide repairs, gabions,
tures, and others.

sides manufacturing the geogrids, Tensar employs geotechnical

sir-ering services. These include feasibility studies, design

vival assictance regarding geogrid properties, and construction

hie contalns 4 sunzary of the characteristics of these rein-
Jems. it can be seen that Reinicrced Earth, Keintorced soil

ard Retaines tarth have a z2reat deal in cormmon. All use palva-
cirtorcement, aii use precast concreie facing panels, and all use
o1 backtill «cils. They ditfer in that the Hiltiiker and V3!
celded wire reshooor redntorcing rather than the scparate tlat

FoLps Strips ueed it RKeinroreod Farth, and the Siiiciier walls

wiithout “oot s or othes conaectors, Keinforced Fasth has Leon
e o adnnConm redatorciay gt s dn oat aeart e oopplication, and
o o b ancttoaor,

o . . " "
voovetaLied o owire tacing oo ements called Mhack oo ats 7 0 th

ceraid Lo orelol e taraer o scdib particles.  Flimicaricn of the
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~oi0 twmhankments, which are also produced by Hilfiker and which are the

cotems mainly in the reinforcement, which is high-strerpth vriented

[‘:

it oor mainterance. Tests to measure rates of corrosion of buried

orected by othe National Bureau of Standards from 1910 to 195> (Roman-

in 4 range of pH environments. Rates of corrosion are used in estimat-

Yetal thicknesses are used that wi.l provide sufficient reinforcing

“acing reduces the cost of Welded Wire Wall as compared to the Kein-

: : .
mosl o oolnher respects.

1

. the Tensar Geogrid-reintorced walls and slopes differ from the

rather than metal. TJensar walls are sometimes faced with the geoprid
, und sumetimes with other materials. The geogrids can be cast into
ug i1 desired. When the grid itseltf is used as the tacing material,
is wrapped back around the s=0il at the ftace to encapsulace and retain
Tilt. Most tupes ot onsite soils can be used as backtfill for Geogrid-
ed walls and slupes. lhe amount of reinforcement needed in a given
ton Iy determined by the wall lhieight, the external loads, and the tvpe

11

Longevity s uan extremely important ccensideration for all of these

Devatse they use reinforcement embedded in the backtill, inaccessible

previde data tor estimating corrosion rates for galvanized and plain

metal thicsaness that may be lost over the design life «¢f the struc-

at tne end of the design life, after reductiou of thickness by
n.

. The peolymer materials used in Tensar Geogrids are chemically inert
environments, an advantage for longevity. No reguction in area or

due tu corrosion or other chemical action is made in selecting design
r the polymer geogrids. The material does creep appreciably under

d the reinforcement loads used in desigr are selected concidering the

raing expected over a design life of 120 vears our mere.

icedures

. Design of reinforced wille involves two tvpes of censidevaiions:
4. wxrernal stability,

. Heinforcement capacity.

dures used to ensure cxternal stability are ecscentialiy the same as

sil teoewainate stabiiity of conventional gravity and cartilever walls,
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The reintorced rone is counsidered as a block, and its safety with respect to
~liding, overturning, and bearing capacity is evaluated using equations of
static equilibrium.

42. Design for reinforcement capacity considers the stress in the rein-
Torcing elements and the possibility of pullout failure. Field measurements
have shown that the peak stress in the reinforcing occurs at a distance behind
the {facing equal to about three tenths of the wall height. The lergth of
reinfvrcing behind the plane of peak stress is the grip length, where resis-
torce toe pulleut is developed.

43, lhe design procedures used by the Reinforced Earth Company,
Biliigker, and Vsl are very similar. These are shown in Figure 10. The width
ot the reinforced zone (B), equal to the length of the reinforcing elements,
The minimum width used is O0.7H or 0.8H.

is stardardized. Larger values of B,

vp te 13, are used for low walis and severe loadings conditions, Surcharge
rovadings on the backfill are censidered in analyzing both external stability
and internal stability.

4%, The procedures used for design of Tensar Geogrid walls, while the
same in principle as those shown in Figure 10, differ in some respects. The
reinforcing extends a constant distance behind a plane inclined at 45° + ¢/2
from the horizontal and is thus longer near the top of the wall than at the
bottor., The procedures used to evaluate safety against overload of the rein-
fercemant aad pullout are similar to those shown in Figure 10,

45, The design procedures used by all of the distributors discussed are
tourded on solid principles of soil mechanics, properly tempered with labora-
tor, test results and field experience. As noted previously, all of the com-
pari s have engineering statfs who can provide assistance with design when
required. [t 1Is thus not necessary for an engineer wishing to us= one ol
these systems, or to explore its usefulness for a particular project, to be

RN

fu.lv verced in al: of the detailed aspects of its design.

Performance

A6 viie advantage of reinforced walls as compared to conventional con-

crete walls i are more flexibie and thus better able to withstand

that they

driterent ol cettlements without distress. The reintorcing elements can

consjderable distortion without i1l effects, and the articulated fac-

roateey oy

in: parel:s an wcvommodate some ditferential settlemencs withoot aarize.  Tie
flesicie oo ings vsed on the Hiltiker Welded Wire Walle ovd the Tensar
15
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X wraparotuind Geogrid-reintorced walls are even better able to tolerste ditfferen-
.
- tial roundation movements, being even more flexible than the cther tvpes of
- cacing.
Constructicn and cost
j 47, Une of the principal advantages of all of these reinforvced wall
i susteme iw that thev can be constructed using relatively small equipment.
i Crews ot tfour or five workers are common. Depending on the neight of the
.
v wall, censtruction rates from about 700 sq tt per shift to 2,000 sq ft per
a shirt nhave been achieved. The rate of production increase- as the height ¢l
w
: wall decreases.
. 23, According te the manufacturers of these systems, costs per squire
N foot of warl oare ancut one half of the cost of conventionai concrete gravits
: wocantilen wills., flost flgures developed by the Federal Highway Admir-
: istraticn in 1971 indicated costs per sguare foot for Reinforced Parth walls
3 wole | ror lew walls than for high walls, the per square foot cost tor
‘1 ciero=higic wales beine only about <0 percent as great as tor >0 ft-high wills.
; Thie ctrony intluence of wall height on the cost per square foot is intervest-
.: Ing and wordli noting. Costs also depend on job location and the accessibility
Y
N the site, as well as on the cost of suitable backfill material., Costs per

square foot in Y86 probably average somewhere around $25 tc 330 per sguare
Joen, vhe manulfacturers of these systems arc able and willing to assist with

cost oestimaies on particular projects if desirea.

Summarv and Conclusion

o
.
. i . .
. 4%, Seepage berms provide an ertfective and reliable mears for control-
e Ping wrcessive seepage from the toundation at the downstream side of dams on
.
q o1 Teupdations.  sSeepage berms restrain the fourdation soile, increasing
p
. w et with respect to erosion and piping in periods ot hiph water. Berms
. censrructed of permeable material are more effective than those constructed of
A impermeatie or semipermeable mmaterials, in that the same degree of cafetv can
(] Peoaohi oed with much less material., As shown in the first section of this
‘d
. papor, Perms constructed of material having permesbilities as high cr higher
. Uoca tive fonndatjor sell need be only abont one fourth as wide and half as
. thi - . merms o of less permeable soils and would thus have only about
o
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one eighth as much volure. There is thus a clear advantage to constructing
berms ot permeable materials whenever possible.

50. T1he extensive mathematical studies made by Barron (1984) provide a
valuabie bagis ifor estimating the widths and thicknesses of berms required to
achieve a given factor of safety against uplift. The first section of this
naper presents a simplified approach for estimating the width and thickness of
perms, baved on Barron's mathematical studies.

51. The second section of this paper discusses the use of reiniorced
walis and slopes for seepage berms, in cases where that may be desirable. The
characteristics of four different proprietary systems for constructing rein-
rorced walls are discussed: Reintorced Earth, Hilfiker Welded Wire Walls and
Keiniorced Soil Embankments, VSL Retained Earth walls, and Tensar Geogrid-
vreinterced walls and slopes. These systems have been used previously for
appiications such as marine structures, erosion control, stream protection,
and coast.l structures, and all appear to have potential for us2 in reinforc-
ing -cepiage berms, as well as for a varietv of other applicaticns.

5.. The characteristics of the four reinforcing systems, and the meth-
ods used ftor their design have been discussed in detail and summarized in
Table 2 and Figure 10. Their advantages as compared to conventional concrete
walls include lower cost, rapid construction, and greater ability to accommo-
date differenrviel foundation movements without distress. All of the distribu-
tors of these systems emplov engireering statis, and detailed information and

design assistance are available to engineers who want to determine the cost

and the technical potential of these svstems for use on a particular project.
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Figure 1. Variation of required width of seepage bherr
with ratio of berm permeability to blanket permeability
(Barron 1984)
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(1) Infinitely Permeable Berm

waht
B =L s n {5/~
LS Zb Y4

H - LLS

ht - i_i—f:—:—zzg (calculate ht before B)

(2) Completely Impermeable Berm

HL
F Yw

LS
B= —m——=2 - (X+L, -1 )
L
Zb Yb 2 S
H(B+LLS)
ht e —— (calculate B before ht)
2 .S
kf
where L = — +« D - Z
LS N Ky b
Ll
X =1 * tan h | —
LS LLS
F = factor of safety against uplift
Yg = buoyant unit weight of blanket
Y T unit weight of water

Definitions of other terms shown in Figure 1

Figure 2. Formulas for caiculating required berm lengths for
infinitely permecable and impermeable berms
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(1) Factor of Safety Against Uplift of Both Blanket and Berm

] + ]
Zy Yp Y E Y

S g ——y Y,

(2) Factor of Safety Against Uplift in the Seepage Berm

kt
1 ]
+ —
Ye \E 4y %
F o= b
(h -~ t) Y,
where F = factor of safety against uplift
Yé = buoyant unit weight of blanket
Yé = buoyant unit weight of berm
Zb = blanket thickness

t = berm thickness
k, = blanket permeability
k_ = berm permeability

h = head at bottom of blanket, measured
from ground surface as datum

Figure 3. Formulas for calculating factors of safety against

uplift in the natural blanket and the secpage berm
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X where t = berm thickness required at downstream end of berm
f- Z, = thickness of natural blanket

.
{H Yé = buoyant unit weight of berm

s Yé = buoyant unit weight of blanket

o

,j k= berm permeability

b t

'

4 kb = blanket permeability

h = head at downstream end of berm, measured
from ground surface as datum
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Figure 4. Formula for calculating required berm thickness at
the downstream end of the seepage berm
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q = surcharge
=Y
! . l : Earth pressure force, E, includes
EEEEREEEENEREN effect of surcharge. E is determined
I—- g using earth pressure coefficiert, K,
(0 — W from field measurements. K = K at
H ! —_—] — I surface, decreasing to K = Ka at depth
} -4 of 20 teet.
1
0 ===
T
b
R
Design Criteria
(1) ¢&liding
é
F = B—E%E—i z 1.5 B = width oif reinforced zone
(1) Uverturning = length of reinforcement
Mw H = wall height
F = 7 z 2.0 E = earth pressure force
E W = weight
- N
b = ?E_ AE . B q = surcharge
x >
3 R = vertical reaction
(3) EBearing Pressure T = horizontal reaction
W o+ B allowable
J q °
P = b S bearing Mw = moment due to W
- pressure about toe
M = moment due to q of wall
Moo+ ) - .
b = :E___Ei___fg d - point O
W + gB ME = moment due to E
(4 Rei
4) einforcement Stress b = offset of R from toe
P o= “h A . allowable o = horizontal earth pressure at a
T A 7 stress particular depth
(5) ‘Pullout Resistance A = area of wall face loading rein-
. Pullout Resistance 1.5 forcing element
Pullout Load I a = cross-sectional area of rein-

forcing element

Fivure 10. Design procedure for Reinforced Earth, Hilfiker, and
VSL Reinforced Walls
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PLASTIC CONCRETYE CUTOFF WALLS

Gecrge J. Tamaro
Mueser Futledge Consulting Engineers

introduction to Slurry Wall Technoloyy

1. Thare are basically three methods of achieving an impermeable cutoff
wall using slurry wall techniques:

a. Soil-bentonite backfill slurryv trench.

o. Cement-bentonite backfill slurry trench.
c. Plastic or rigid concrete backfill slurry trench.

Soii-bentorite backfill slurry trenches

2. Soil-bentonite (SB) backfill slurry trenches are excavated in a con-
tinuous manter te practical depths down to 100 ft. For depths of approxi-
mately 39 rt, excavation is performed by hydraulic backhoe or drag line
excavators, For depths in excess of 50 ft, a combination of either backhoe or
drag line and clamshell operation is necessary to effectively per‘orm the
excavation. A chisel is used to excavate hard lenses of soil or rock and, if
necessary, to cut a key into rock. The slurry trench excavation is kept open
by replacement of excavated soil with a bentonite slurry. Bentonite slurry
stabilizes the sidewalls of the excavation until such time as a mixture of
sofl and bentounite slurry can be replaced in the trench to prcvide the perma-
nent cutolt (Figure 1). This procedure is most appropriate in shallow
trerciies {(depths down to 50 ft) where the backhoe can effectively dig a con-
tinuous trench without the need for clamshell or chisel operation. The thick-~
ners ot the soil-bentonite backfill is usually related te the bydraulic
sradient { (pressure differential in feet of warer divided by the wall thick-
Mess In teet), which is a measure ot the hvdraulic head difterertial across
the cutofi wall. Conventional practice suggests that a maximum gradient of 10
‘using a factor of satety of 3) be applied to soil-bentonite cutotrts in order
to minimize the pessibility of eitler hydraulic fracturing or migratior ot

Jives under hvdraulic gradienc.* Thece (riteria mav be excessivelv

* For a more complete discussint of the blowout requirements of soil-
bentonite slurry trench cutoffs, see EM 1110-2-1901, pp 9-24 to 9-25.
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conservative and are more often than not, neot followed., These criteria would
reavirve a4 S-‘t-thick soil'-hentonite backfill slurrv trench for a cutoff wall

A0t helow eround-water levels., Because o the nature ot the geol-

extending
ogv At certain eites, it may not be economical, practical, or even pussibie to
excavarte to a full S5-ft width. Taboratorv tests on properlv deciened and

tlended Hackfill indicate permeabilities 1in the range of | « '0n to

I x N cmiaece,

Cement-bentonite backfil! slurrv trenches

1., Cement-tentonite (UBY slurry trenclhes are excavated elther as 2 con-
tinuvus trench, as described in the foregoing paragraph, ¢r in panels, that
is, a segmented wall evxcavated as shown in Figure 2. The cemert-bentonite
clurre trench Jdiffers from the foregoing technique inasruch as a mixture of
cevent and bertonite in slurrv form is substituted for rhe conventional benton~
ite sTurrv, The cement-bentonite slurrv provides a two-fold ‘unction, First,

it supparts the trench during excavation, and second, it provides the perma-

vent back{ 11 material for the trench as the cement bentecnite solidifies in

place.

4.  Recause of varintinns in the geologyv at certain sites where the
acturrence of various hard and soft materials makes it difficult to predict
and estimate accnurntelv the rate of progress of the *“rench excavations, it is
possitle that the rcement bentonite would harden in the trench at a rate faster
than the rate of excavation. As a result, it becomes necessarw to reexcavate
coment hentopnite which bos hardened, wasting a sfgnificant portion of com-
pleted work, (emeut-bentonite backfil! undergoes shrinkage and cracking dur-
ing Jdrwi--1 larege variations in ground-water levels can render this backfill
perions 1f drving occurs.  leaboratory tests on properly designed C8 backfills
indiiate mverreabrilities of ahout 1 x 10—6 cmisec.,

Plasr e concretre backii11 elnrry trenches*

3 Plactic concrere (PC) back{{11 slurrv trenches are constructed in

panels usiry the follawire procedure (Figure )., First, a panel is excavated

beoaneer Clipure 1)) barkbee, and or ciamahell hucket (Figure 4) down to the

cpecified ¢ one’ surerade, The eveavotion 1s filled with a bentonite stabiliz-

.

fng =lnrrv as the evravntion aduvarces doweward, At the completion of the

4 [t depsier o0 VOomixers ird canctrnction of PO oentaff walls i< covered in
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excavation ot a panel, the bentonite slurry is cleaned through a desanding
operation {(Figure 5). The panel is then filled with a specially designed PC

mix (Figure o or 9). The PC mix is designed to provide ultimate strengths

f' at .8 days in the range of 500 to 1,000 psi (Figure 12) and nominal per-
meability k ot upproximately 1 x 10-7 cm/sec.

. This method is most practical for the construction of deep cutoff
walls in dense soils and soft rock requiring a key into impervious strata
since excavation can be performed in panels using heavy clamshell buckets and
chisels to remove hard lenses of soil and rock. The method is not time-
dependent Inasmuch as panels can remain open for as long as necessary to com-
plete the excavation. The method can be used in remedial work on existing
dams and levees since the short panels are stable and cause minimal disruption
to exnisting seil.

7. Due to the low permeability and high strength of the PC backfill it
is possible to use a thimner cutoff wall. Furthermore, PC backfills have
sutficient structural strength that hydraulic fracturing or migration of fines
under hydraulic head is not of concern. For this method, the thickness of the
cutoff wall is, in most cases, dictated by the minimum width of the excavating
tools. With 2-ft-wide tools the panels can be excavated to depths far in
excess of 100 frt.

8. This method is an extension of the conventional slurry wall technol-
ogv that has been successfully used to cut off seepage from dams, dikes, and
levees, and to construct deep basement and subway structures since the late
19407 s,

Y. The joining of individual panels is obtained either through the
reexcavation of previously placed plastic concrete when constructing adjacent
panels (Figure 7) or by the slip forming of joints at the ends of consecutive
parels through the use of end stops or pipes (Figures 8, 9, 10, and 11). The
former 1s knowh as the overbite method and the latter as the end pipe method.
laboratery tests on properly designed PC backfills indicate permeabilities in
the range of o= 10_7 to ] x 10—l cm/sec, with permeability increasing with
WATple e

Cuide Walls

dide waulls are essential for the accurate ceontrol of the alignment
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and elevations of a PC cutott wall. Thev serve as a guide for the excavation

and prevent the cuol.dpse of the trench at ground surface.

Panel Dimension and Arrangement

ii. PFanel dimensions are usually controlled by both the technical
requirements of the work and the type and size of equipment available. Panel
tengths can be no shorter than the length of the bucket and no thinner than
the width of the Lucket. Short panel lengths are usually in the range of 7 ft
and should be used in loose unstable materials or in areas where there are
very high surcharge pressures from adjacent structures or slopes. Longer
paniels, ranging up to 30 ft in length, can be used in cohesive soils or other
stable materials, Wall thickness is usually 24, 30, or 36 inches.

12, The totiom of wall elevations are governed by the location of the
toy of reck, by the need to embed the wall in imperviocus strata, and by the
need to prolongate flow lines through pervious strata.

i%. If the bottom of the wall is to be seated on rock, care must be

takern - verity the location and nature of the top of the rock. The top of

the rock nusrt be satisfactorily cleaned prior to the placement of concrete in

e, 1f the botrom of the wall is to be seated in a rock socket, the
rock secket sbeald be sutficiently deep to provide the function required,

i.e., 'ateral support, load bearing, or watertightness. Reinforcing cages are

usual ly not requirec.
Construction Joints Between lanels
15, tonstruction joints between panels are achieved in a variety of
wavs. The most basic and simplest method is the half-round joint formed bv a

stop end pipe or a joint formed with steel wide-flanged sections. Less often
used are joints formed by square-end buckets and joints incornorating sheet-

piie secctinns or break-away keys set into the pour. Complicated joint details

are e¥pensive. as well as difficult te install, and perform unsatisfactorily
: Ve i ideal! ¢ it .
noless thar ideal! coenditions.

S fccasionally the overbite methed is used. (reat care must be taken
Lroenoure wn’iicient overlap and lateral alignment. Overstrength concrete can
Neits, oo oexeavarion of the overbive
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Design of Plastic Concrete Mixes

17. Plastic concrete mixes incorporate various proportions oi cement,
bentuonite, fly =sh, local aggregates, and local water with the intended pur-
pose of providing an economical mix that is easilv placed, highly impervious,
and resistant to local permeant water.

18, Because of variations in materials, mixing equipment, and skilled
labor, 1t is Jdifficult to recommend a specific concrete mix design; however
there are several rules that should be followed in the design ot the mix.

Hard gravel is preferred over crushed, gap-graded stone; the aggregates used
in the mix should be well-graded. A sandier (45 to 50 percent sand) mix simi-
lar to pump-crete mix will flow better in a tremie pipe and throughout the
panel and is therefore prererred. Plasticizers and air entrainment mixtures |
ire recommended. Design mixes should be of as low an ultimate strength as
practical (less than 100U ps1) (Figure 12) and should be designed ard tested
with enough water to guarantee that an 8-in. slump will be achieved.

1. Tests should be conducted to determine the lowest practical
strength for the intended use. A low modulus of elasticity and high strain at
tailure are desirable (Figures 13 and 14).

20. It is important that all personnel involved in the execution of the
work understand that an 8-in. slump is essential for the proper casting of
panels ind that the field statf will not be permitted to tamper with the mix.

Latcratery testing of the mix should be performed to determine the following:

a. Permeability with site water.

LA

O

. Ultimate strength.

v

X

Modulus of elasticity.

s
~

d. Strain at railure.

{Q
- Concrete Placement
nT : . : .
'@ 21. 1i excavations are pertformed in rinc sand, or with percussion tools
Nl used to drill koulders or bedrock, it is imperative that the p.nei be cleaned
N
:;: prior to the placement ot the concrcete. Otherwise, tine sand particles wi:l
- J.
' settle to the bottom ¢! the panel or, il held in suspension by the tert-rite,
o
.

'

will mi< with the concrete and form pockets of "mud" in the puanel.

D
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N 20, Pamel cleaning can be dore bv an alrlift and decander (Figure 5) at
- the rrencin, by cornplete replacement orf contaminated hentonite with fresh

{2 hentonita, or kv cleaniny the bottom with a "toothlese” clamstiell bucket,
! ! JY. 0 A sirpte 5- or l0-in.-diam tremie pipe centrallv located within the
?T riiel e recormrended.  The tremie hopper should be large enouch to receive the
fi cocasieonal surege oY concrete and prevent rhe spillage ¢ concrete from the

2? cper nto the trench (Figure 11).

v i, te concrere pour shounld proceed as rapidlv oar possible.  However,
j irostinto stwavs he timed in osuch A rmanner that o continuous placement of con-
,t& crete is ruiintained,  Dicruptions in the delivery of concrete guarantee a cold
L%: isint in the parel and a tuture source of leaskage.
4 S, At rie onciusion of concrete placement, the ston end pipe must be
:f sveyaote Tranoebhe excavation; It must be removel at a rate slow encugh that
?; 1t i mever valsed athove the lTevel at which the concrere has alreadv set and
}j roa rate Yoot enongh that the pipe will not beceome stuck within the panel

Ao

_._ FFiomre v 'rothe averhite method, the concrete is permitted to set and pain
‘:; siodrat wrrength, Dasoawvatior of an adjacent panel must take place within a
A;x et operiod o otine in order to permit eacsv removal of the fresh concrete.

‘.v
‘_ fuality of the In-Place Concrete
y;? . ttoa correct iy designed miv hasz heen properiv nlaced, 1t is almost
?; imposeible 7o the concrete not te chieve its designs strencthe, (The prob-
> lew 1= that the corerete usunllv exceeds desired strength,) Fxperience has

j? ctown tiat evilinders taker durineg the pour usnalls show concrete <trengths 10
;f to 50 percent greater than the «trength specified, and that cores taken from a
b

;? wall even under the most disdvantageous placement conditions are apt to have
’! strengihs eaual to, or mare than, "0 percent ureater than the strength speci-
f: fied. The goal in plastic concrere mixes i+ t obtwin a low strength, Tow

-5 modulus of elasticity, ard o ik strafn ot fajlure (Figuree 17 to 14),

v

* Accaraci, Telerarcer, and Tinish

stroction acearacs ond finfelbes are depencert upon the geologv of

Prae s ite anel the conrracter o skill oand tenls, Fowever, properlv executed
e ety g o crenl fatt withie the (o lewire telerances:
oy
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The vertical joint at the end of a panel formed with an end pipe
should fall within o in. of the specified location. The wall
should be within 1 percent of verticality.

28. Properly executed cutoff walls are watertight throughout the panel.
Occasionally sz2epage will occur at the vertical joint between panels or at
cold joints.

29. Leaks are the responsibility of the slurry wall contractor and will
be sealed with chemical or cement grout inserted into the soil directly behind
the wall at the location of the leak. Occasionally grout pipes are placed

directly in the joint and pressure grouted after the concrete sets.

Conclusions

30. FPlastic concrete cutoff walls can be successfully constructed to
depths in excess of 100 ft in various geologic environments. The walls can be
keyed into hard, impervious strata and can be joined, panel to panel, using a
variety of techniques.

31, High-strength impervious concrete backfills can be obtained using
mixtures of coarse and tine aggregates, cement, bentonite, and fly ash. Low
strength, low modulus of elasticity, and high strain at failure are desirable

properties.
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Figure 1. Bentenite slurry in various soils
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CROUND FREEZING AS A CONSTRUCTION ENPEDIENCY FOR EXCAVATING

CUTOFF TRFNCHES AND/OR INSTALLATION OF DRATINS

John A Shuster

leocentric

Backg cund
. ontrodled ground tfreezing for mining and construction applications
has beer in use Tor over a centurv., Despite the great technological evolution
which kas occurred during this period, the application of new developments to
rhe art of grourd freezing, especially in the I'mited States, bas been slow.
tonsidering rhe fact that freezing 15 a more widely specified and successfully
teed ceonstruct jon procedure in Furope and Asia, and that common alternatives

v used tor temporarv construction are becoming more costlv in the

norma
United states, ir f< impertant that US industry become aware of this important

convtructior rechnigae,

Purpose and Scope

2 T

2. Jv view of the current state-of-the-zrt. 7t is desirable to examine
ground ‘reezing in tight o! recent technical developments, together with high-
Tights on <ome of the apparent advantages, disadvantages and economics of the
carions alteriative construction approaches. The purpose or this paper is to
atterpt . rier v suchk ar exarmination, with particuiar emphasis on the practical
application ot present!v availai le technologv.

v

coneral Description of Jonstruction Ground Freezing

- >

. round freezing emplovs the use »f refrigeration to ~onvert in-ditu
corcowater to o fce. The dce then acts ns o cement or glue bonding together
adiacent parricles o) ceil or blocks of rock to increase their combined
strenoth and ~ave thiem impervious,  Tre 15 the onlt thing that = Xee roreu
ground Jifferant from untrozen preand. Tt ie the kev compenent ot the o ostem,
drd o ite mechanicnl properties are much more deperndent on time and temperciure

than the geclogy of the ctrata in which 1t oceurs,
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4, Essentially all ground freezing projects require one or more of the
followiny
a. Structural support by stressed frezen earth, or

b. Structural support by the mass of an essentially slightly-
stressed zone of frozen ground, or

¢. Ground water control by an impervious trozer earth barrier.

5. Cround treezing may be used in any seoil ov rock formation, regard-
iess of structure, grain size or permeability; however, it is better suited to
soft ground rather than rock conditions. Freezing may be used for analysis,
shape or depth of excavation and the same physical plant can be used from job
to iob despite wide variation in these tactors

6. Ireezing is normally used to provide:

a. Structural underpinning,

7

G:round stabilization,

{C

. Temporary support for an excavation, or

|

[FeN

To prevent groundwater flow intc an excavated area.

As the impervious frozen earth barrier is constructed prior to excavation, it
generally eliminates the need for additional ground support or dewatering, or
the concern fur adjacent ground subsidence during dewatering cor excavation.
fowever, lateral groundwater flows may result in failure of the freezing pro-
gram it not properly considered during planning. Further, though subsidence
mav not be of ceoncern, ground movements resulting from f[rost cxpansion of the
soll during treezing mav occur under certain conditions, and this potertial
must be considered in planning.

7. Contrary to popular belief, freezing can be completed rapidly if
necess:arv, or desirable. However, the freezing rate can be directly related
to overall costs and rapid freezing, particularly with l.iquid Nitrogen or Lig-
tid Carnon Dioxide, is relatively more costly than slower freezing.

Y. Frozen grcund behaves as a visco-plastic material with strength prop-
erties which are primarily dependent on the ice content, duration ot applied
load, and the temperature ot the ground. The tvpe avd texture of the ground

are relativelv less Important.,  For this reason, a {rozen ground barrier is

extrenc ! versatile. Wwithin linits. 1t f< relativelv insensitive to advance
genlogic oredicticn,  This i~ porvticularls cdvantagecus (or tunneling by chang-
fry the temperature or doratton of loading, it wili usually he possible to
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accommodate all types ot ground . ~diticens on g proiect with one freezing

scheme.

Initial Fvailuatic: of Technical feasilility

Site related tactors

9. A brietf examination of the overall site geciogy, together with the
geometry of the planned excavation relatve to existing structures, 1s preba-
bly the tirst step in limiting the pract.cal construction alterratives for g
project - whether an open-surtace vroavation o a subsurtace excavaticn, such

as a tunnel.

~
o
ot
Ed
e}
)
<<
n
~
re

Lomopecnetry - cunoiguraticn, depth, gpace ror eopen cut,
prorimicy o ericting soructure: od utilities fabove and telow

1

A trocen eartihh barrier will normai.ly e a meter, or more thick;
hence, rav require gredter ciearances, but it is not iimited by
dept!, as sav piling or dewateriop woild he. A trozewn barrier
car aiso be insealied ncoany geometry and any angle frem verti-
cal te Lorizontei.  FPurtherrmorve, 3 it Is instol'ed prior to

exciavation, it -a. tuncticy - underpinning ftor adjudcent struc—
tures a: well as excavation suppert ang groundwater control,

b. Soil and rocen conditions - Because a trozen ciarth barrievr is
le.s sensitive to geojoglic conditions and prediction than other
atternatives, it 1= prebable that site geology will trequently
be the main redscn tor seiecting freezing.

Freezirg is attractive where pile driving depth is limited, or
where driving 1o ditticuit or would cause unwanted settlements.
freezing can be conducted in areas underiain by buiiding rubble,
piles wrd old founcation where other alterunatives would be
extremel o dirdicult. Lottt or runting ground and hiph taterad
seil or watev presaaies Soer freerioa. Coil oand rock profiles
which are too ctereogerecus to grout predictably may rveadily be

trecein.

On the negative side, scoils or Tow thermal conductivity such as
cilte ard class, or loorganic s chells, toke o lony time to

treece and have pocr structural propertics when tvezen.  Depend-

ing e the specitis conaltt s some srite oot ooy e 0w
ciclergo oo sdderable voduetric crpatsies w0 0

in beteroveneot. orouad, the Drocen zone wiii Ve drrogular i
shiape.  bFveornm witiont faboraroyy tests A geceral booviedge ot the
coterialy ot de rrecen will oprevide vaivanle dnsipnt as to the

probable stape b the Trozen oo o focilitate predivtocr of

tose areas which mav e critioat,
As g rule, i the abicice o0 Tlowing witer. the chipe o the

frozen z e atter o colatively chort Sreeesing nortod is

L%
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}fj primarily dependent upon the frozen thermal conducrtivit: of che
'f{f strata. This parameter mayv varyv bv a facror o; only 4% or 5

;:3 being lowest for organic silts and clavs und aighest tor sard
'." and rock. In comparison, the permeabilities orf these strata
‘ would range over several orders of magnitude. It is rthis funda-
A mental difference between the possible ranges of thermal ccunduc-
‘;: tivity and permeability which makes rreezin. rmore controllable
:\' than greuting in a heterogenecus profile.

W

o For anv given refrigerant temperature, the relativelv thinner

} frezen zones will normally occur in silts, c¢lavs, organic scils,
xﬂf and sea-shell beds. These are also the weaker strata; hence,
':{. structural analysis and design will frequentlv be dictated by
10 these materials.

o
»
¢ o i'"’ o

Frozen bedrock is not necessarily stronger tnan the overlying
soil. The pertformance of frozen jointed rock is largelv a func-

: tion of the joint system and the behavicr of the interstitial
'\:» ice. Though the ice will serve to bond iointed rock, the ice
:i itself has little long-term strength.

;{f c. Site groundwater conditions ~ Most of the prublems and failures
‘-:3 which have occurred on freezing projects have been related to
® groundwater flow. If water flowing inte the freezing zone sup-
o plies energy at a greater rate than it can be removed by the
e refrigeration plant, the zone will not freeze. For circulacing
«:j: coolant systems, the maximum rate cf water flow which can rou-
iy tinely be frozen is of the order of | te 2 m per dav. Rates of
::4. flow greater than this require special conrsideration. For

liquid nitrogen systems, flows as high as 50 m per dav have been

-~

. stopped. However, the amount of energv and time required are
" increased substantially. The increase in required time is
s directly proportional to the increase in energv which must be
W,

-t removed.

.-\n

As with most thermal considerations. the spacing of the freezing
elements, the temperature and flow the refrigerant (coolant) are

O

.
- . . . ,
Se critical. Empirical techniques have been developed for approxi-
- : : .
X mately calculating the maximum spacing which can be used for any
S . .
> given temperature and groundwater flow. These techniques pro-
~ . . . }
Iy vide useful guidelines, but thev are imprecise. A rule of thumb
- . - : . .
~ approach is to combine the normal refrigeration load per unit
1. length of {reezing element with the additional lnad which may be ’
- ) .
'*Q expected, for any given element spacing, due tc water flow., The
: refrigeration plant selected must then have a capacity, at the
Qf“ prescribed temperature. greater than these combinred loads -
K including a safetv factor,
v o ) . , ,
°® At present the critical factors whiclh contro! freezing in the
o presence of groundwater flow are reasonahly well-knowrn and theyv
:} have been comhined inte a comprebiensive analvtic appreacn tor
Py design., However, sutficient data {rem projects are neot vet
" - available to confira the design proacedure. unsidertin;; the
’sj importance of this intormation, additiona! re.curct is seeded in
- : .
® this area. As o practical matter where grouncwater flows are
.{: expected, freezing clement spacing shouid o Ciece and aligoment
J‘-'d
"
x-
v, )
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carefuily controlled. Further, the coldest practical refriger-
ants should be used.

The feasibility of dewatering and the potential effect of
dewatering on adjacent structures may govern the selection of
the treezing approach. Un sites where dewatering is either not
leasible or economically impractical, freezing becomes an
attractive alternative. Also, for excavations where site or
work conditions require the use of a pump(s) manned twenty-four
hours a day, freezing automatically becomes more attractive.
The same man who would have operated the pump can operate the
refrigeration plants instead; thus combining excavation support
with groundwater contrcl at little or nc additional labor cost.

Ground which is too dry - say less than 107 saturated - cannot
be frozen unless water can be introduced prior to, or during,
treezing. This has been done on projects in the past, but
recuires special considerations.

The quality c¢f the groundwater may significantly affect the per-
tcrmance of the frozen barrier. The presence of dissolved salts
or hydrocartons in large quantities will prevent freezing or
reduce the strength of frozen material at any given temperature.
Because of this, the salinity of the groundwater or the concen-
tration of hydrocarbons should be determined when there is
doubt. Further, where saline groundwater conditions exist, fro-
zen strength properties should be determined by laboratory tests
or extrapolation of data from prior tests on saline soils.
Fxtrapolation of existing strength data obtained for materials
containing fresh water is not recommended.

With proper understanding and planning, almost anything can be
trozen,

Anticipated loading - Static loads imposed by earth, water and
existing structural pressures will normally govern design. How-
ever, dynamic loading must be checked when applicable, and for
structures such as Class I structures for nuclear power plants,
the design will probably be governed by seismic or other
dicaster-type loadings. In fine-grained soils where the scils
are confined, ice pressure must also be considered.

Ground movement - The settlement, heuve and lateresl displacement
criteria for adjacent structures and utilities will be an impor-
tant influence or the decision whether or not to use freezing.
Freezing under the right conditicons will essentially provide a
rigid support system elimivating auny concern for movements of
any kind. Conversely, under the wrong conditions, freezing can
induce movements which would not otherwise occur.

Two type of potentisl ground movements must be considered in the
des:yn of a tewpovary frozen ground sunport system; these are
movementys Jque to ocresp, and frost etfects.

Ground mevements after excavation can theoretically occur due to
creep relaxation ot tne frozen zone after prolonged loading.
However, as a practical matter it is rarelv of concern. The
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_:: amount of creep which will occur under any given stress is small
N and determinable hence, displacements under field conditions are
“:: small and more or less predictable and within the control of the
. designer.

K Ground movements due to frost expansion occur only in some
ﬂ: scils. The movements result from two different phenomena:

- (1) Basic frost expansion due to the conversion of existing

:{: pore water to ice during freezing, and

u; (2) Secondary frost expansion due to pore water migration and
" ice segregation with time at the freezing isotherm or in
N the frozen zone.

s

:'{ These two phenomena occur simultaneously; however, they differ

. : in predictability and magnitude. Further, when secondary frost
- expansion occurs, it may continue after the freezing isotherm is
A no longer advancing. For these reasons, the two phenomena are

t considered separately,.

“ Clean free draining sands and gravels are generally not suscep-
l-: tible to either type of frost expansion. Basic frost expansion
:\ is avoided in these soils because of their high permeability.

e During freezing, water is forced out of the soil at the same

= rate as freezing progresses resulting in a lower frozen water
-i: content without volume change. Secondary frost expansion is
- closely related to capillarity and pore water pressure. In
:{ clean free draining sands and gravels, the potential capillary

- head is small or non-existent; hence, the soil will not support
( appreciable water migration, and secondary frost expansion will
o not occur. As the percentage of silt and clay size particles
- increases in a soil, the permeability is reduced, capillarity
9 increased, and basic frost expansion may occur if the water con-
’:- ditions are right and the freezing rate exceeds the rate at

. which the water can be forced out. Confining pressure will

reduce the apparent frost expansion, particularly in coarser

" materials.
fﬂ Basic frost expansion is relatively small and predictable (97 or
t/ less of the pore volume). It does not increase with time, In
i~ contrast, secondary frost expansion is more difficult to predict
. and may be much greater. Furthermore, it continues as long as

, the soil and water conditions remain unchanged and freezing
., continues.

L

,_j As a rule, fine silts and lean silt-clay mixtures below the

(> water tuble usually represent the worst combination of potential
f'i combined pressure and permeability. Further, an additional con-

e siderution of secondary frost expansion, particularly in these

- soils, is the possible subsidence and loss cf strength which may
. occur upon thawing.

Aﬁ f. Thermal loads - In addition to the ground movement criteria

A discussed above, it is necessary to consider thermal criteria,

" particularly in-service water, sewage or stream lines which

g would pass through or adjacent to the frozen barrier. Unless
b
Ny 152
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these lines are stagnant for very long perlods of time, the
thermal load they represent normally are more of a threat to
the trozen barrier than vice versa. Because of potential
condensation problems, stream lines are probably the most sen-
sitive ot the various utiiities.

g. Preliminary design - It the aforementioned factors have been
considered and freezing appears to be an attractive alterna-
tive, then a preliminery structural analysis and design must be
urdertaken to determine the approximate geometry of the frozen
barrier, and whether or not it should be designed as a stressed
or unstressed =ection. The results of this analysis are impor-
tant for evaluating the economic feasibility of freezing for
the project.

Job related factors

19, In addition to the characteristics of the site, there will normally

e proiect constraints which are important. As a rule, such constraints usu-
ally have a more important eftect on the economic than technical feasibility

~nf the work.

a. T:me - two time periods are important. First, how much time is
available to form the frozen barrier (prefreezing time). This
weuld be analogous, for example to how much time is available
to drive sheeting, dewiater and excavate. Longer available time
means less expensive freezing. However, where circumstances
warrant, and frozen barrier can be completed in a matter of
hours after the freezing elements have been installed.

The second important time period is how long must the frozen
barrier be maintaired after it is in place? In general, where
there are other competitive alternatives, frozen barriers are
most attractive if they do not have to be maintained for a long
period of time.

b. Cortinuity of work - Can the barrier be installed in one con-
tinuous operation, or does the work require multiple mobiliza-
tions ard omplex scheduling which could make tor poor
equipment utilization?

Power, wuater and space requirements - Refrigeration plants for
field use are normally mobile mounted on truck trailers which
need only be connected to water, power and the in-situ freezing
elements. Abcut 3.7 kilovolt-ampere (440 volts, 3 phase) of
power per ton or refrigeration will be required. Where com-
mercial power is not availablie, diesel gencraters must be used.
lThe availability and cost of electric energy is a major factor
in determining economic !feasibility, and mav result in the
sefection of liquid nitregen or liquid carbon dioxide as an
alternative, Water use will nermally be of the order ot 5 -

1y gallons per minute, *or a large project, available storage
space for nmultiple roefrigeration plants mav be a concern.

|
.

d. Personnel! and equipment avallability - Large mobile refrigera-
tion plants are not ~ommanly available in the I'nited States.

TN e e e e
o A A
WAV ISR

WWWWH'Ev'n’"r"v“ﬁ'i"7'3*'{"‘1'5'V'I'K'Y'U-IW

SaaaT
ﬁginkiﬁﬁktfl



However, it is possible to rent or leace a plant; thcugh it may
have to be mobilized a long distance. If obtained {rom anvone
other than a specialty ground freezing subcontractor, the mobi-
lization mayv be quite costly, as all of the ancillary equipment
which is normally an integrated part ot a mobile plant must be
ascembled on multiple skids, shipped to the site ard field con-
nected. This factor may offer an economic advantage for LN or
LCO2 on some projects, as no refrigeration plant is required
when expendable refrigerants are used.

Because of the rather unique nature of mobile refrigeration
plants, the availability of equipment to do the work may govern
the tecnnical feasibility of a project.

The availability of trades personnel to install and operate a
freezing system should be no problem. MNormally, on union proj-
ects, the work is distributed between the Uperating Engineers
and the Laborers; the installation being much the same as a
well poirt dewatering system. However, though the craftsmen
may be available to assemble and operate the equipment, it may
be difficult to locate anyone sufticiently familiar with the
process to design, organize and control the work. Ground
freezing is much like chemical grouting in that a thorough
understanding is necessary to ensure success. The availability

of such personnel, usually from speciality firms may govern the
technical feasibility of a project.

As a rule, because of the specialized equipment and personnel
constraints, ground freezing is normallv a speciality subcon-
tract item. It has been used with varied success by General
Contractors marginally familiar with it. In gereral, it is
important to be veryv selective in choosing a ground freezing
subcontractor or consultant. A careful review of credent:ials
and past performance are a must.

Material availability - Ground freezing require a relatively
small amount of materials, principaliy steel (or aluminum),
pipe, rubber hose and plastic tubing. Most alternative con-
struction methods, particularly those for excavation support
require large amounts of timber, concrete, and steel. These
materials are becoming increasingly costly and difficult to
obtain with reliably delivery. Further, from the standpcint of
conservation, freezing does not deplete these natural resource
materials by using them for temporary construction applications
where they will be abandoned with the permanent construction is
in place.

Because of these concerns, freezing will probably be increas-
ingly attractive in the future.

W
q
’
.
<’

lnitial Fvaluation of Economic Feasibility

1
o
e e

p 1. Excluding considerations of the contractor's capability, the actual

> direct costs of freezing for a specific project will depend largely on the
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ground »onditions, the spacing ol

and the tvpe ot
1 »
ground i1

eering are critically

requireneints ol a4 project. Furthermore.
[SAWNN

necess vy tn consider

divact coets of

cases, the dlrect costs

lirect co-rs o

Lot the g.lernatives are considered -
~‘,‘."l€.lk‘. y

reyuired, material availability, etc.,

treecig approach.
1h.
Criity ol success.  For example, grouti
¢r advantugeous tor a project.
wide
be unsuccessful,

than grouting; hence, because of increased confidence, a properly engineered

freezing scheme muy be more attractive.,
ld,
the

itive tor supporting open ex

bowldery,

the f
refrigeration system used.
Given a competent freezing contractor,

dependent on the specific conditions and

tomics of various alternatives means of temporary ground support, it is

their 2ffect on the total project costs, rather than the
the specific alternative as a single item of work.
of freezing alone may appear somewhat higher than the

t another alternative; however, when indirect costs required

congested excavarion and building area, spoil disposal,

Anv consideration of costs must include an estimate of the proba-

However, heterogeneity of the formation and a
range in permeability, which commonly occurs, may cause the approach to

Freezing is more predictable and less difficult to control

Though it is difficult to make any generalized statements regarding
relative costs of freezing, it is probable that the method will be compet-
cavations greater than about 7 to 8 meter deep in

~oft, or running ground, particularly sands, and for subsurface

LAnd dal Sad sulh Sud tnl GolSah tad Sl el el toh tef sal Sl anlb Sl Sal St Al S T

reezing elements, the time available,

the relative economics of

to properly evaluate the relative

In some

such as dewatering, compressed air,
space

the actual total costs may favor the

ng may appear economically competitive

¢xncasdations in similar soils or mixed soil-rock tace, particularly below the
wiater table. 1hese generalizations will probably be especially true in urban
areqi~ where concern for underpinning of adjacent structures and utilities is a
Ma Ol e rn,
Design Censiderations

ih. if, atter a pretiminary teasibility anaiyeis, it appears desirable
' asider ireeziag 4s one ol the prime alternatives for the work, then a
cimplote desipn muot be undertaken to obtain a final evaluation. This initial
desin need not be as thorough and detailed as will be required for
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*ﬁ{- construction, but it should be adequate to cover all of the important consid-
i:ii arations, Trough & presentation of detailed design procedures 1s bevond the
| ”i scopre ot this serminar, we will iriefly discuss several of the more important
l " ractors which must be considered in planning and executing a ground freezing
:E: proiect, and our present ability to predict field performance as related to
S& each of ther. As a rule, design is based on s number of interrelated factors;
;*& hence, ar ontimum design is normally a trial and error iterative process. The
)ﬁl amcunt of etfort put into such optimization obviouslv depends on the relative
A4 . i .

- cire and importance o7 the project.

;;i th, 1% the frorzen iarrier i1s tor groundwater control onlv, or will he
;{: essentiallv urstrecssed, then structural design is a simple matter of statics
‘, . and the avalilatle time for completion of the barrier will be the kev factor

",

;ﬁf poverning Jesign. The desipgn in this case would be primarilv based on thermal

'ES analvses,

:: 17, T1 the barrier i« to be stressed then the grournd temperatures and
r:, duration of anpliel stresses will be important. Under these circumstances,
%ti the therral and atructural design procedures proceed more or less in paral-
S
i:j tel! - starting trem initial separate assumptions and converging to a compati-
“:“ hle result.  For circular shafts the procedure 1s simple; for tunnels,

P

1
[

arhraers, arches, etc., the procedure becomes complex. Though the thermal

v

< and etructurs] decign s normallyv combined, we will separate the two for

i i e

aritv.,

OV

itermal aralvses

I8, The tne-mal de<ign consists c¢f the following:

ToA8)

A. Thermal properties and methods of obtaining them - The thermal

«

;n. properties (latent heat, specific heat and conductivity) of the
o ground are primarily dependent on the mineral/textural nature
s of the ground and its water content. Tests of laboraterv sam-
® ples are of timited value and published data are probably ade-
'{:- cuate for most jobs. The range of values for the variables {is
';jf fairly small, and the resultant thermal calculations will be
i, most criticallv affected by water content. The more water the
:):: «liwer the rate of freezing and the more energv required.

.: 'n-situ methods of measurements are available. Thev have been
PN nsed primari{lv for weasuring glacial ice properties, but it is
s cnly o a matter of time before they will be applied to soil and
. rock

-;?} Vreezirg rates - The amecunt of thermal energv and duration of
<t time nececaarv to complete freezing mav be approximately calcu-
!;: Tated.,  The ¢omventional clesed form analvtic approach is based
2%
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on two-dimensional heat conduction theory and assumes isother-
mal boundary conditions at the freezing elements and in the
surrounding ground at some large distance from the freezing
elements. Heat transfer during freezing in normally heteroge-
neous ground is quite complex and more accurate closed form
solutinns are not presently available. However, for projects
of unusual geometry, or with nonuniform thermal loads, the use
of finite elements or difference techniques on a digital com-
puter will provide more accurate results and may be justified.
Computer analyses mayv cost several thousand dollars in labor
and computer time to set up, run and interpret for several sets
of conditions, even with an available program; hence, they
would normally be used cnly for critical situations or more
important projects. 1In view of this, for many smaller or less
critical projects of regular geometry, approximate closed form
analytic solutiors may be expected to remain the principal
technique of analysis. Regardless of the analytic technique
used, for any given material properties and geometry of frozen
earth structure, the most important factors which govern the
thermal performance of a freezing project are the size and
spacing of the freezing elements. 1In fact the amount of drill-
ing and material recuired, the capacity of the refrigeration
plant and the time required to complete freezing are all criti-
callv dependent on these factors.

The prefreezing period - prior to excavation - 1s composed of
the duration of time necessary for the barrier to close between
adjacent freeze elements (Tl), and the subsequent time (T2)

during which the btarrier thickens to meet the requirements of
the structural design.

Other things being equal, T, is exponentially proportional to

]
I
the relative spacing of the freezing elements (R ). Secondary

factors which affect the variation in both T] and T2 for any

given value of R' are soil and refrigerant (coolant) proper-
ties. For any given spacing of freezing elements, the required
rrefreezing time 1s directly proportional to the energy to be
removed from the ground, and inversely proportional to the rel-
ative temperature of the ocutside nf the freezing element. For
anv given ground conditions, relative refrigerant temperature,
and spacing of the freezing elements' prefreezing time 1s sig-
nificantly affected bv the heat transfer efficlency between the
refrigerant (coolant) and the freezing element.

The combined effects of very efficient boiling heat transfer,
very low temperatures and changes in soil thermal properties at
tl.ese temperatures account for dramatic differences between the
relat!velyv slow freezing time required for a closed circulating
coclant svstem and rapid freezing with an liquid nitrogen svs-
tem, ftowever, with improper field centrol of the liquid nitro-
gen freezing pirocess, the potentially great savings in time may
not be realized. Iiquid nitrogen is much more ditficult to
contrel effectively under field cornditions than {s circulating
coclant,
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Energv requirements - The thermal energv required to freeze
ground is directly proportional to the groundwater content.
For coarse-grained seils, the enerpgw requirements are rela-

tivelv low 1{ no lateral groundwater !low occurs. In fine-
grained silt and clav soils, the energv requircment will
generallv be higher. As a rule of thunmb, the energy require-
ments In K calories per cubic meter o ¢l frerer will be
between 2200 and 2800 times the water content ‘n rercent.

The total energy required {s dependent on t!'e frezen olume;
hence, it is directlv proportional te the tetal length of
freezing elements in operation. The tota! vefrigeration load
is alsc dependent on the teotal length or freering elerent. Vor
anv given geometrv of zone to be froven, the clinser the freez-

ing elements are spaced the greater the total lenpgth of ele-
ments in operation and the greater the Iritial refrigeration
load, or cost of refrigeration plant. The cost of drilling and
materials also goes up as the spacing between adjacent elements
is decreased. The net effect of these two factors results In
an exponential increase in direct cecst and attendart reduction
in time. Tf time 1s of the essence and an approximate dollar
value can be attached to 1t, it is poscible to determine the
optimum economic spacing of freezing elements. At close spac-
ing the cost of refrigeration plants with sufficient capacitv
and related energv exceed the cost of using an expendable
refrigerant., When the value of time is considered the optimum
spacing, which corresponds to this economic crossover point,
mav be increased.

The maximum freezing time i1s theoretically infinite; however,
as a practical matter, plpe spacings greater than about 15
times the pipe diameter are not normally used, except with
liquid nitrogen systems. Furthermore, at spacings greater than
the thickness of the desired frozen zeone, the efficiency of
energv utilization drops sharply.

The preceding discussion of time, erergy and related effects on
costs is based on the fundamental assumption that a constant
refrigerant (coolant) temperature is maintained in the distri-
bution system and that the refrigeration load varies with time.
This is the most rapid, readily controlled and desirable freez-
ing approach. Furthermore, with reliquefaction or expendable
refrigerant svstems it is the onlv practical approach. How-
ever, when a refrigeration plant of adequate capacitv to main-
tain the desired coolant temperature is not availahle for a
project, the plant is normally run at full constant load and
the coolant temperature varies with time. Under these condi-
tions the effect of spacing on direct costs is markedly reduced
and the required freezing time 1s substantiallv increased. For
reacons of plant costs and availabilitv, manv projects have
been conducted tifs wav., To optimize costs and reduce time
when sufficient plant capacitv {« not available, {t mav be pos-

sit le to u=e ar expendable refrigerant to pre-chill the coolant
during the initial freezing period when the peak refrigeration
load cccurs,  The ugse of the expendabhle refrigerant car he
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discentinued when the refrigeracion load has been reduced to a
point where the plant can maintain the desired coolant
temprrature,

Within the tramewori of available technology all of the thermal
congiderations menticrned are reasonably well understood and the
various time-energyv relstionships cin be calculated with
dcceptable accuracy. Greater informition on the thermal prop-
ertiec of earth ard their temperature dependence, together with
increased use of digital computere, chould enhance the flexi-
Viliiw and accurac of these calculations.

Structural anal-ses

19, Structural analyses and design with frozen ground is much the same
as for unreinforced roncrete. The design depends primarily on ground type,
groundwater corditions, ground temperatures, rate of excavation, and duration
of loading.

a. Selectinn of material properties end methods of obtaining

- them - Tor an essentially unstressed barrier the material prop-
erties can be rather crudelv estimated. For a stressed bar-
rier, a careful laboratorv determination must be made of the
actual proparties nf the frozen soils of the site. On occa-
sion, ond especially for smaller projects, data obtained in the
past from similar «ri1ls ray be used with an appropriate factor
ot safetv,

Frozen ground behaves visco-plastically., Tts long term
strength and stress-strain characteristics are primarily a
tunctior of ice content, temperatiure and duration of applied
lnad. Presently available test procedures may be used with
reasonabls goad confidence to characterize frozen scil, and to
1 lesser extent fractured rock. The creepr test procedures are
straight forward, but thev reaquire complex temperature-
~ontrolled 2quiprent which is available in very few laborato-
vies in the I'mited States, Further the interpretation of the
test results is *technirally involved and should be done by
someone knowledgeablic in “rozen ground technology.

b. Structural desdysn - 171 the mectiaaicar properties of the ground
and the maximuam preobaile duration of Joading prior to the
niacement of the permanent wreard stpport i{s known, a designer

can select corpatible ali~wab e siresses ~nd ground tempera-

tures.  Though desipgn {11 freqeent?y be denendent on the
strength choracterictice, it 15 also neces:aryv 0o evaluate the
displacerents whici mov he evpo ted,

Thouzh structa sl assiong nazed on com Ticated plastic creep

fer ccme cimplified conditions, most

designs are nreseatl huged oo ' ut and crv' elrnstic analveis
using parametric vaines from cresp teets, and leading cendi-
tfons, which are cunpatihle or o piver Juration of loading.

Yormally, two tiriale ar ditierent ¢ ~arisoe o) Inading wiil be

sufifcient te define the mect crivi 0 duration,

arrtveis are posgible
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I't the Jelay batween {nitial excavation and the installation of
permanent ground support is less than about one shift, the most
criticar vendition will probably occur within two to four hours
after excavation. In this short interval, the frozen ground
toses G opreat deal of its initial strength due to primary
creep, iut has undergone insufficient creep displacement to
appreciably reduce the surrounding earth pressures. Design

oads for this condition will normally be between at-rest and
pa-sive.

Iy the delay between the Initial excavation and the instalia-
ticn of permanent ground support will exceed about one shift,
the most c¢ritical condition will probably occur at the end of
the delayv. After this period, the frozen ground has leost most
vt the strength it will ever lose (at the given temperature)
and secondary creep has prcbably caused some redistributicn and
reduction ¢t ground pressures. Design loads for this condirion
will normally be between at-rest and active.

Digital computers can be programmed to include lecad-history in
structural analvses directly; further, thev can handle nonlin-
car material properties and any structural geometry. However,
such anralyses are relatively costly and would normallv be used
anly for major properties and loadings modified for creep
hehavicr, will probtably continue to be the mest commen tech-
nigque of anaiveis fer manv prejects.

verall design considerations

20, During ground freezing, a number of somewhat unusual factors must
~e cuonsidered.  Some or the roere impertant items are discussed below.
Jio Te ceuntrol the freecing process and ensure completion of a satis-
factiry rrozer Zoue, 1t s necvessary toe menitor ground temperatures at criti-
cal lecations. Multi-sensor termistor or copper-constantan thermocouple
strings are goou {or this purpose. liowever, thev mav be supplemented by frost
penatrution moniters, Roth types of iastrurentation are read periodically to
determine ground temperatures and rates of trust penetration. The proper
installation and interpretaticn ot this instrumentation is vital. An other-
wise successtul project mayv be unnccessavily cestly or experieince difficulties
because o a ‘ack ol instrumentation, or proper interpretstion of tlte data
obtained trom good instrumentation.

2o Greund freezing in areas containing steam, water or sewage lines is
best avoided; however, it need not be a4 matter of particular concern

providing:

1. The Contractor knows the utilities are there,
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b ttat he insulates them sufficiently to maintain the isotherm
within the insulation during treezing, and

That he menitors their surface temperatures periodically to
vasure that the insularion is performing as planned.

Y. lteam lines rrobably represent the most difficult consideration;
Plinar: v because any cooling of saturated steam causes undesirable condensa-
ti... Fer this reason, insulatien should be sufficient to protect the utility
against orrdensation Jduring minimum flow periods and minimum adjacent ground
temperatires. Water and sewage lines should be protected for the same minimum
anditions; hewever, they may be subjected to much greater temperature changes
than steum ilnes without suffering 111 effects. Because of this, less insula-
tive will normally be required. The thickness of insulation must also be suf-

ticient te paintain the freezing isotherm within the utility; otherwise,

’

tunwing i rhe frocen zopre may occur. A simple alternative to insulating the

ut ol ities, themsels

s, 1s to insulate the adjacent freeze pipes where they are
Cenr sensitive utilities.

~+. ~mne of th> easiest, most effective, and economical methods of insi-
fatlion i3 to excavate all ot the potentially affected water, steam and sewage
uvtilities, threoughout the area where they will intersect the frozen zone, and
sprav them in-situ with foam plastic. 1f an open excavation will be part of
the project, many ot the utilities will be re-routed during construction and
insviation ftor the remainder can be completed simultaneously.

Zo.  Inaddition to irsulating utilities, it may be necessary to insu-
lat i wmposed surfaces of the excavation from the sun to minimize surface
otz ing &g reduce the load on the retfrigeration plant. 1In general, this
will oot ne necessary in shafts and tunnels, but will be a concern with open
Sarliace edonvations exposed to the sun., A single layer ol reflective plastic
I rieguent.s suiticient. Where greuter protection is required, feoam plastic
appeive el wWire mech i3 probably cone of the most effective and least expen-

sive orothe aveilable insulating methods. Furthermeore, this type ot insula-

Ul wa s tee acceptable s a watevr-stop concrete can be single-formed directly
it o0t
S snen without insulation, concrete can be poured directly against
Presoc warth, Fe principal eoncern being that the concrete not freeze betore
Lt wttadted its dinitial set.  In many cases, particularly with c¢tructural
cobien . cver JO centineters thick, the heat of hvdration is sufficient to
16]
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AR sttsel freensing during the initial critical period. When the ordinary heat of
:E Podradion may e inade jnate, high early strength cement and/or additives such
}Q 45 ve.ciun chleride should be sufficient to eliminate the problem.
f: .. Wwheun the {reeze elements will intersect, the ground surface three
'ﬁ dimensional hear Jlow as weli as seasonal ground temperature effects will
ij srtect the shape of the frozen zone. In fall or early winter, the surface
; solis tte o odepth of abeut 2 m) will be appreciably warmer than deeper strata.
O The combhined cevasonal and three dimensional effects may result in a conical
- shape 0r the trvozen zous near the ground surface and difficulty may be experi-
E ¢aced 1u obtaining closure between adjacent freeze elements at shallow depths.
,' Additional shallow refrigeration or surface insulation around the freeze
L P e I R vy F i1 T o ~ 1 . 3
a vipes will materially reduce this eftect. During the later winter months,
X-.
'N this will nor be a problem.
.4 Alternative Construction Freezing Methods
[ ¢ nat.
f e I'te refrigeraticn plant and refrigerant or coolant distribution
i sUSUem represent a major portion of the direct cost of a freezing project.
> Gorthermore, the direct cost as well as the time required to complete adequate
-, trecsing are all dependent to some extent on the type of freezing approach
:j n-ed. lhere are about five basic alternative freezing approaches available.
X -
. 4. Al ot these approaches consist of a primary source of refrigera-
civn w4 sevondary distribution system te circuiate the coolant or refriger-
y ant In tie ground.
l"
% Pricars piant and pumped loop
N secondary coolant (brine svstem)
% Jir,  This freezing approach is the one used on most projects today. It
é was developed by F. H. Poetsch in Germany about [00 years ago. It is simple,
& stricight Verward and well understood. For projects requiring only a single
- iistailation of all elements and a prolonged period of mainterance freezing
o “ter corpletion of the initial frozen earth barrier, this svstem is still
‘ .
-, Liertn atiractive,

a. The primarv <ource ot refrigeration for this approach is a con-
ventional one or two-stage ammonia or f{reon refrigeration plant

" {frequently two stage for temperatures below -25 C). These

plarts are commonly available in wide range of capacities, and

: car by rented completely assembled in portable modules for
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:gﬁ field use. These plants use either diesel ar electric prime
N movers, they have a high thermal efficiency and their tech-
15N nology is well understood. The condensers mav be afr or water
' cooled, the latter requiring a cooling tower. New plant costs
u would typically be of the order of 1500 dollars per ton of
:\,: refrigeration capacity (TR) and rental might be about 90 to
A 180 dollars per TR per month with some minimum total amount.*
}:}: These plants may be available new for a specific project in two
- to three months. Though plants could theoretically be built to
9 any capacity, 500 TR probably represents about the largest unit
v that could be assembled in a convenient and practical mobile
N configuration. Multiple smaller plants can be, and frequently
.. are, ganged together to obtain high capacity with better over-
f;} all efficiency as well as a measure of redundancv {in case of
r:{ malfunction.
;“\ b. Distribution system - The distribution system for this freezing
P ~ approach typically consists of an insulated coolant supply man-
;v: ifold, &« number of parallel connected freezing elements in the
"iﬁ ground with inner supplv and outer return lines, and an insu-
::: lated return manifold. This svstem is simple but cumbersome
4:;: and thermallv inefficlient. tileat transfer occurs between the
N coolant and the freere element bv convection, ro phase change
!» occurs. Because of this, lurge quantities of coolant must be
. circulated to cause freezing and an 1nherent thermal gradient
‘“:T e¥ists in the system during the active treezing periods. Large
x:{ flows require large volumes of coolants and large fixed plumb-
::f ing svstems. Furthermore, the circulating pumps put energy
( - into the svstem in direct opposition to the primary retfrigera-
e tion plant. Though it s possible to reduce the refrigeration
*ﬂ;j capacity or individual freezing elements, it is not possible to
::f increase it without increasing the capacitv of the entire sys-
:F tem, The flexibility to independently increase the capacity of
RN individual elements is desirable to facilitate control of
i) unique localized conditions such as unexpected water flows.
’ - Conlant - The secondarv conlant distribution svstem limits the
Hj attractiveness and usefulness of this basic freezing approach.
wﬁ{ Despite drawbacks and fnefficiencies, energy costs for this
’:} svstem are low, probably of the order of 15,000 to 20,000
e effective Kilo~calories per dollar (based on 0.06 dollars per
,. kilo-watt hour).
‘:f Though manv different types of coolant have been used with this
e system (diesel oil, propane, glvcol-water mixtures, and
:{j brines), the most common is calcium chloride brine. The c:1-
‘:: cium chloride 1s added to water in sufficient quantities to
PY depress 1ts freezing point below that attainable by the refrip-
vl eration plant during on-line operation. These hrine solutions
e have a high specific heat; however, they are also dense, rela-
{J' tively viscous and corrosive. Other fluids mav have more
o attractive properties under some conditions, but flammable or
el toxic coolants must be avoided for obvious reasons.
v
r ..’
Y * Based on 1987 costs.
I__J
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c. Freezing elements - On many projects, the pipes used for freez-
ing elements represent a substantial cost. For circulating
coolant refrigeration systems, ordinarv steel pipe is adequate.
For lower temperatures (less than about -40 C) non-ferrous met-
als or alloys, such as aluminum or nickel steel, are desirable
to eliminate problems related to brittle fracture. The pipe
wall thickness will normally depend con either internal hydrau-
lic pressure, external confining pressure, or stresses imposed
during installation. Plastic pipe should be avoided, except
for inner tubing or surface piping, because of its poor thermal
properties. All connections between pipes must be tight, and
the system should be pressure tested for leaks pricr to start-
ing freezing. A subsurface leak in a circulating coolant
freezing system, particularly one containing brine, may make it
very difficult o obtain an adequate frozen zone. Leaks in
expendable refrigerant systems are undesirable, but not criti-
cal as the retrigerant will vaporize at low temperature and
dissipate.

Primary plant with in-situ evaporator

31. This approach employs a primary refrigeration plant such as that
previously described. However, recognizing the inefticiencies inherent in a
large distribution system, the secondary coolant is eliminated and a much
smaller vclume of high pressure refrigerant i1s circulated directlv from the
condenser to the freezing elements where evaporation is allowed tc occur. The
resulting vapor is then returned to the compressor, This approach has merit
and might be advantageous for some applications, however, it has not been used
in recent years. For many of the commonly used refrigerants the evaporator
must operate at less than atmospheric pressure (vacuum). Leaks are difficult
to detect and may critically affects its operation., Of the available refrig-
erants which operate with positive evaporator pressures carbon dioxide has
been used. Several projects have been successfully completed using carbon
dioxide in this manner; however, a number of difficulties were encountered in
the physical control of the system. Most of these difficulties apparently
involved transmission of high pressure fluids, low temperature embrittlement
of metals, and plugging of orifices due to phase change and entrapped
noisture,

32. The application of modern refrigeration technology has resulted in

the development of solutions for all of these problems, but they have not yet

been field tested.
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Reliquefaction plant with in-situ second stage

33. Tbhis freezing approach employs the best features of both of the
preceding approaches. It uses a primary refrigeration plant thermally coupled
to a distribution system containing either the same refrigerant, or one that
is thermodynamically compatible.

a. Plant - Though any primary refrigeration plant could theoreti-
cally be adapted for this purpose, only a few alternatives
would be practical. Some of the most likely combinations of
primary plant and secondary refrigerant are:

Typical Operating Ranges

Kilograms
P-imary Secondary Temperature per square
Plant Refrigerant deg C centimeter
Nitrogen Nitrogen -170 to -190 1.7 - 10,6
Carbon Carbon
Dioxide Dioxide - 40 to =55 5.6 - 10.6
Ammonia Carbon
Dioxide - 15 to =40 10.6 - 21.1

The main difference in the various reliquefaction systems is
the relative horsepower requirements of the different plants.
Furthermore, though carbon dioxide plants are presently avail-
able in capacities and costs somewhat comparable to those pre-
viously given for ammonia plants, nitrogen plants are not
commonly available. These plants are presently in use only
within the liquefied gas industry and would have to be
specially made for field applications.

k2

Distribution system - The principal advantage of a reliquefac-
tion freezing approach stems from the improved distribution
system. Heat transfer in the freezing elements is by boiling
phase change. This results in energy capacities per liter of
fluid civculated of the order of 50 times greater than those
obtained by circulating secondary coolants. Because of this,
much smaller volumes of fluid need to be circulated, and small
diameter pressure hoses with quick-connect couplings can be
used to replace large diameter pipe plumbing. Though somewhat
more exotic tubing materials are required to handle the low
temperatures, these are available at competitive cost and they
are essentially 100 percent salvageable for reuse without modi-
fication. The potential savings in assembly and disassembly
labor for quick connect hoses, as compared to steel pipe, are
obvious.

The temperature range of the reliquefaction system is dependent
on the plant, secondary refrigerant, and circulating pump used.
However, each freezing element is an independent evaporator

connected in parallel, and therefore can be adjusted to operate
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anywhere within this range. This flexibility enables one or
more freezing elements to be operated at lower temperatures
than the remainder of the system; thus allowing the operator
complete flexibility to increase or decrease the refrigeraticn
capdacity of an element to handle unique localized ur unexpected
conditions.

To date reliqueraction systems have been proven., but they have
not been used in the field. Tt is likely that the reliquefac-
tion refrigeration approach will eventually replace the primary
refrigeration and circulating secondary coolant approach for
ground freezing construction in the future.

Expendable refrigerants

34, For single projects ot short duration (a few hours to a week or
two), or for projects where the cost of delav is high, expendable refrigerants
are very attractive. No refrigeration plant is required, but the cost of
energy is high, probably of the order of 1000 to 2000 K cal per dollar, even
when purchased in large quantities. Furthermore, outside of the main urban
areas, the refrigerants may not be available in quantities sufficient to con-
duct the work.

a. Liquid nitrogen - Uniform beiling of liquid nitrogen throughout
a series of freezing elements represents the fastest, thermally
most efficient means of ground freezing presently possible.
However, 1t is usually not possible to attain this objective
with an open system.

The principal difficulties encountered with the use of expend-
able refrigerants involve control of the system. The rela-
tively unconfined venting of liquid nitrogen in a series of
vertical or horizontal freezing elements frequently results in
a waste of refrigerant and a very irregular frozen zone. the
irregularity occurs because the heat transfer coefficient
varies by orders of magnitude depending on the quality of the
liquid/vapor mixture and its velocity. A supply and exhaust
manifold with appropriate valves at each end of a series of
freezing elements permits reverse flow which tends to even out
the irregular freezing characteristics.

b. Carbon dioxide - Sublimating carbon dioxide is thermally less
efficient than liquid nitrogen and harder to control. Solid
dry ice, even in pelletized form, is bulky and difficult to
handle. However, dry ice used with a mixing tank and a circu-
lating secondary coolant is effective.

Liquid carbon dioxide may be employed with a temperature con-
trolied sewo-system to chill a circulating coolant. This type
of liquid carbon dioxide control equipment can readily be
meunted on a conventional refrigeration plant emploving circu-
lating coolant. The system is thermally effective, but prob-
lems frequently develop because of the high solubility of
liquid carbon dioxide.
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R When using expendable refrigerants it is necessary to provide
et positive exhaust for the vapor. Neither carbon dioxide nor
A nitrogen are tflammable or toxic. However, they are heavier
> than air and in very large quantities can cause suffocation;
H therefore, in addition tc adequate ventilation, emergency oxy-
P gen should be available for underground or confined work.
ﬂi: Critical Construction Cost Factors
v
,¥¢ 35. The following remarks apply primarily to the use of a circulating
N . . . A .
o coolant rfreezing system. The use of reliquefaction equipment or expendable
" .‘i
ib rei1vigerants is too unique at this time to justify generalized comments on
\
,‘“ zosting.
A
AN Mobilization
. 3n, The location of the project relative to the location of the freez-
e ing plants, drill rigs, materials and available personnel will have an impor-
s
oy tant intfluerce on the cost of the work. Hauling the equipment, all necessary

leading and unloading, labor, plus materials and initial positicning of the

e equipment is considered part of mobilization. Mobilization is normally priced

4s a lump sun.

a. Site power and water facilities - If adequate electric power is
not available at the site, then mobilization will include its
installation or provision of comparable generating capacity.

P
N

s,
o

i "
‘o The same is true of water service. Frequently, these services
'Jq will be needed for subsequent construction anyway, and all, or
:: a portion of, the cost of providing them can be carried against
the total project, rather than just the construction freezing
aspect of it,

$=: b. Site accessibility - Where the site is difficult or inaccessi-
(<. hle to trucks, mobilization may include the building or

j? up-grading of roads, provisions of a temporary working camp,

. etc, Again, under these circumstances, such costs would be

(Y carried against the total project, not just the construction
7o treezing portion of it.
;}f ¢. Timely notice - Timely notice prior to mobilization is impor-
7. tant to tacilitate scheduling of equipment, personnel, and the
N development of detailed economical designs. Late, or emer-
. gency, notice will cost money because of the need of quickly

i conceived probably over-conservative designs.

\

< .
P Drilling and casing of freeze holes

s |
,~: 37. The cost of drilling and casing freeze holes mainly depends on the
A

i site surtiace conditions, the soil and rock conditions, the required depth of ‘
. the holes, and the acceptable deviation of the holes. The cost of drilling is !
A
")
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normally based on the total linear rfootage of subsurtface retrigeration pipe to
be installed. It is usually included in the lump sum price for installation
and prefreezing vt the frozen barrier, but may on occasion he included sepa-
ratelv as a linear footage unit price.

a. Site surface conditions - The ideal situation is an open level

- surface with no above or below ground obstacles. Side slopes,
uneven ground, existing utilities which have to be taken care
of, and limitation of working space due tc traffic requirements
will reduce the drilling production, sometimes ccnsiderably,
thus increase the cost.

b. Ground conditions - Homogeneous soil - particularly silts and
sands - allow quick inexpensive drilling. Intermediate layers
vt harder material will, or course, reduce production but not
result In excessive extra cost. However, large cobbles, boul-
ders, or other obstructions will really slow down the drilling.
The principal reason 1s that their presence requires the use of
little or no down pressure on the drill in order to avoid unac-
ceptable deviation of the holes. It may also be necessary to
use moditied procedures or special equipment to complete the
holes. Drilling costs under these conditions would routinely
be two to three times higher than those in scft unitform soils.
If cased rotary diamond drilling is required the price would be
higher yet.

'n

Depth of holes - The average drilling cost per linear foot gen-
erallv decreases with increasing depth because the cost for
mobilization, rig moving time and setting up for each hole 1s a
decreased percentage of the total cost. This holds true as
long as the maximum depth does not require heavier aud there-
fore more expensive drilling equipment in the first place.

jol
.

Hole deviation - Tough specification for the alignmeut of holes
costs money! On the other hand, accuracy of hole alignment 1is
of great importance for a successful freezing operation. With
close hole spacing, drilling costs go up and larger deviations
are tolerable. At larger spacing drilling costs go down, but
deviation becomes critical, as the frozen barrier might not
close or might be structurally unsatistactory in the affected
area, Because ot this, it is necessary for each project to
determine the optimum relation between the minimum number of
pipes (maximum spacing) and the maximum probable deviations of
the pipes which will still allow freezing to be completed on
time at the minimum cost, and with the required safety.

[nstallation of refrigeration
plant and coolant distribution system

38. The important factors which influence the cost of on-site plant
installation for a specific freezing job are the site surface conditions, the
maguitude and duration of the project, the total volume of ground to be froczen

and its properties, and the overall time schedule for the job. The cost of
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the plant instailation for a given site and allowable prefreezing period are

normally related to the total linear footage of subsurface treeze pipe. The
cest of the surtace distribution system is normally related to the surface
lengti: (perimeter) of the frozen barrier. Both costs are usually included in
the lump =um price for inscallation and prefreezing of the frozen barrier.

4. Site surface conditions - The nature of the site surface condi-
tions and the proximity of adjacent buildings, streets, utili-
ties, etc , has more or less the same overall effect on onsite
plant installation as on drilling. Also, corollary to this are
site restrictions on noise, air or water pollution or vibra-
tion. LUlnder very confined conditions the continuously running
olants may require sound deadening enclosures. As the plants
are normally electric powered, this 1s rarely a concern.

b. Magnitude and duraticn of project - The magnitude and duration
of a freezing job influences the on-site installation cost of
the surtace piping (distribution) system for supply and of the
brine between the plant and individual freeze elements. Larger
projects of long duration will require essentially permanent
well-insulated and protected surface piping. In contrast, a
smal! job of short duration may be conducted with uninsulated
quick connect surface piping.

Volume of frozen zone and available time - The total volume and
the water content of the ground to be frozen are important fac-
tors which determine the plant capacity to be installed for a
specific job. Equally important is the overall time schedule
for the freezing operation. The larger the volume of ground to
be frozen within a given period of time - the more refrigera-
tion capacity heas to be installed. More capacity means higher
installation cost.

teu

In general, the refrigeration load at the start of the pre-
‘reezing period will be two or three times as high as the load
during the period of maintenance freezing. Because of this, it
mav frequently be possible to stage the work so as to limit the
maximum lecad to that of the installed plant capacity at any one
time. This applies in particular to sequential projects such
as multiple shafts or tunnels which are constructed in a series
of sections.

Initial prerreezing period

2. The cost of initial freezing ~ the so-called prefreezing time nec-

escary te complete the frozen barrier to the required thickness depends on the

ground conditions. the number and capacity of plants operating during this

perina, the aumber and capability of personnel on site, and the cost of

enerpv. he cost of prefreezing tor a given site and allowable prefreezing

perfod 1 permaily related to the total linear tootage of subsurface treeze
169
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vipe 1nstalled. The price tor prelreezing is usually included in the lump sum
price Tor installation and prefreezing of the frozen barrier.

[he factor which influences the prefreezing cost the most is usu-

i the werer content o! the ground. The more water which as to be frozen
tie more energy which must be removed and the longer the prefreezing period
reguived tor any given plant capacity. The only alternative other than using
exzendable refrigerants being to increase the capacity to meet a specified
time. [ any case, increasing water content means increasing cost.

«i. bBasically freezing is a labor saving construction method. Never-
theless, the cost uf personnel, primarily operators for the retfrigeraticn
plants, 1is an item which has to be carefully evaluated when estimating a
treezing job. As far as technical necessity is concerned, no operator is
required. 1his is a result of the fact that modern refrigeration equipment is
completely automated and requires little attention. However, in some areas
the uniong require the countractor to employ personnel to monitor plant opera-
tien which, or course, results in higher costs - sometimes mucl higher. As a
rule, the union jurisdiction for freezing in a given location wili be the same
as those required for installation and operation of an around-the-clock dewa-
tering svstem.

42, (mnece drilling and installation of the plant is complete, the only
persurnel needed on a freezing job are the plant operation(s) and periodic
supervisory and raintenance staff.

&3, Since freezing requires energv, the local price for obtaining or
generating electricity influences the overall cost of a freezing operation
conzideratly.

Long term maintenance freezing period

44. Maintenance freezing commences as soon as the frozen barrier is

: ~ompileted sutticientiv to allow subsequent construction, such as excavation,

- te =tart. The cost of maintenance freezing is affected by the location and

E type vt excavation, and more importantly by the required duration of the main-
Y tecnree perind. The price for maintenance freezing Is normally based on a

’: anit o rioe per week.

B

a. location and type of excavation - A lJarge open excavation in a
hot, dry c¢limate mayv cause an increase in refrigeration load on
the plants atter excavation and the face of the excavation must
be insulated to minimize this effect. In contrast, the refrig-
tration load safter excavation of a shaft or tunnel, especially
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in a cool moist climate, may be lower than before excavation
and irsulation would not be required. As still air is an insu-
lator relative to the earth itself, an open surface excavation
in any climate does not represent an impossible refrigeration
load. 1In fact, in cool climates a single sheet of light-
colered plastic hung over the face of such an excavation is
frequently ail that is required to minimize the long term main-
tenance refrigeration costs.

Duration of maintenance period - The cost of maintaining a
Ireeze wall is directly related to time. Extension of mainte-
nance time will increase maintenance cost proportionally.
Therefore, i* is of the greatest importance to plan the entire
project in a way that minimizes maintenance time. Doing so,
can save a great deal of money. Initial installation of a fro-
zen barrier is frequently less expensive than other alterna-
tives, but if the required maintenance period is long, the com-
bined cost of installation and maintenance becomes excessive.
Even on projects where freezing is potentially much less expen-
sive, if the subsequent constiuction operations which must be
completed prior to stopping refrigeration are not planned and
scheduled together efficiently, no savings may be realized.
Changing an excavation procedure, steel erection, concrete or
buckfill schedule to "get out of the ground' faster may cost
soume money, but when combined with the reduction in maintenance
freezing time, the net result may be a handsome savings.

+5. Greund freezing is a proven construction technology which has been

in use successfully on a wide variety of projects, for over a century. As

with any geotechrnical construction technique, its suitability and cost-

effectiveness for a project will be directly related to the specific site and

job conditions which we have discussed in this Seminar. Properly designed and

constructed trozen earth structures are a powerful tool for the foundation

construction industry.
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