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Characteristics ~f soil expansion combined with environmental conditions are re—sponsibl~ for differential heaving of airport pavement subgrades.. Despi te a large
technical effort centered~on the study of expansive soils , a rapid means of evaluatingpoteflt~a1 damage is not avatlable. in th is study, a reliable . rapld rpethod of cate-
gorizing expansive soils was sought. Three procedures are reconinended : (1) measure-
ment of bulk density change in natural soi l clods-, (2) determination of clay cOntent
or (3) determination of the moisture-suction relationship with Darticular attention to
aggregation. Each of these procedures was developed through correlations wi th soil ~~~~~~~~~~ ~~

compressibility wi th respect to~suction changes , Yj4. This is a fundamental character- ~~istic of the soil and the best Indicator of potent1~ l expansiorL Actual activity de-
pends on imposed loads, initial suction , and final suction . The major obstacle to
satisfactory development of this system remains the relation between differential
heave and airport pavement roughness. While this problem is to be addressed in future
research , there is a present need for criteria. The most acceptable criteria found
were categories developed for application to residential concrete slabs on expansive
soils. The limi tations of this s st ar~ rørnçnii~d but accepted as the best pres-
ently availab le .~~\ 
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SECTION 1
INTRODUCTION

BACKGROUND
The Federal Aviation Administration initiated a review of the technical l i t—

erature on expansive soils in 1975 in order to develop an airport pavement design
manual for expansive soil areas. The review was conducted by the Civil Engineer-

• ing Research Facility of the University of New Mexico (CERF/UNM). The conclusions
from that study indicated that some developmenta l and technology transfer work
were required to apply the recent developments from expansive soils research to
the problem of airport pavement design. It was also concluded that no further
research should be initiated to study the design 0f lime and cement stabilized
layers because an Air Force Study, completed in 1976, had culminated five years
of research in this area (Ref. 1).

The developmental work recomended in 1976 was begun in February 1977 at
CERF/UNM. It consists of a three-phase research program. Phase 1 is the review
of research literature . Phase 2 is intended to provide improved methods of char-

acter zing expansive soils for airport pavement design. Phase 3 consists of the
development of a manual for studying moisture retention force (suction) profiles

of in situ subgrades . Followin g the development of a manual , further studies of

strain behavior , inclu ding evaluation of stabilizers , will be conducted . Phase 4

consists of a study of the pavement roughness and its relationship to the heave

characteristics of the subgrade. This phase is intended to result in refined

methods of establishing stabilization objectives. The present report presents

the results of work on Phase 2 of this project.

OBJECTIVES
1. Evaluate those indicator tests that were found to have merit

in FAA-RD-76-66 in order to improve their use as indicators

of potential swell. Reliability , speed, and required skill
and equipment are considerations that should be evaluated .

2. Coordinate these evaluations with other agencies involved
in expansive soils research to avoid duplication of effort .

- 
_ _ _ . • - _ - - _ - - -  
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SCOPE
This report presents results of laboratory evaluation of several techniques

to determine their usefulness in evaluating swell characteristics of airport pave-
ment subgrades. It is not intended to be a comprehensive study of the subject of
soil characterizatior,. Only those ideas of potential use in airport pavement de-
sign are considered .

2
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• SECTION 2

INDICATOR TEST CONSIDERATIONS

WHAT IS AN EXPANSIVE SOIL?
Expans iu V’e soi ls are those that cause early pavement distress due to swell-

ing or shrinking (volume change) of the subgrade soil. While this definition seems
simple, it cannot be appl ied easily to practical problems . One of the clearest

findings in studying the technical litera ture is that it is difficult to quantify

the definition of expansive soils. To gain a first approximation of the state of

research, a rev iew was made of a r,umber of completed or ongoing “expansive soils ”

research projects reported in the technical literature . A review of the results
of these studies concluded that Atterberg Limits are still the best general indi-
cators of potential expansion (Ref. 2). Figure 1* shows plasticity index histo-

grams of several expansive soi l research projects and sites where expansive soil
problems have occurred (i.e., buildin g damage). In comparing these soil property

distributions , two conclus ions are obv ious: (1) the mean plasticity i ndex may

vary between 22 and 65 for problem soils , i.e., expansive soils; and (2) the

range of variation within a given project site varies tremendously. The range for

Yazoo Clay is 65, for example; while for the Lance Creek Study , it is 25. It

should be kept in mi nd that each of these sets of data represents a field site

that was under study because it was expansive.

Clearly the study of expansive soils must include aspects other than the soil

properties measured in the laboratory . Soil characterization must include perti-

nent aspects of the in situ soil. These aspects include the moisture condition and
range as well as soil response to the expected changes of load and moisture .

In most work to date, the swell of an expansive soil is evaluated by a uni-

dimensional test. The soil is laterall y confined in a ring , inundated , and per-

mitted to swell against a restraining force of varying magnitude depending on test

objectives. The swell is reported as void ratio or height changes and plotted as

illustra ted in Figure 2. It is assumed here that in situ soil behaj~es as if it

were laterally confined and that the soil is saturated when swell stops. Swell is

usuall y said to have stopped when AL < 0.001 to 0.0001 inches in a 24-hour period .

Expans ive soils are thus defined in terms of the swell in this sort of test.

*Figure 1 , p. 4, contains References 3, 4, 5, 6, 7 , 8, and 9.

3
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An alternative way of studyi ng the soil behavior is to plot specific volume
versus water content. Figure 3 illustrates the same data from the swell

test together wi th the regression through natural clods at various moisture con-
tents. Also shown are theoretical relations (dashed lines) according to unidi-
mensional behavior (slope 1/3) and three-dimensional behavior (slope 1). For the
soil shown, the unidimensional swell test behavior closely resembles 1/3 of the
volume change of an unrestrained clod .

In respect to cracking clays , the in situ behavior has been shown to follow
both theoretical relations over different segments of the moisture-content range
occurring under natura l conditions (Ref. 10). These segments are not particularly 

V

important in dealing with deep foundations where unidimensiona l assumptions seem
reasona bl e. However , in dealing with shallow foundations (i.e., pavements or
lightly loaded slabs ) the cracked segment is extremely important. Realizing that
cracks occur to depths of 10 feet normally and may go as deep as 20 to 30 feet
emphasizes the importance of the behavior of cracked soil. During sampling for
this study, it was found that cracks existed at 6- to 12-foot depths while the
top 3 to 4 feet of the profile were extremely wet. Thus to assume exclusive uni-
dimensional behavior is not acceptable in characterizing expansive soils for the
design of shallow foundations.

The original question wil l be answered in terms of in situ heave. The struc-
ture under consideration must be evaluated to determine the l evel of differential

movement it can tolerate with an acceptable level of service. If the volume
change of the underlying subgrade is expected to produce heaves of a magnitude

greater than the acceptable , then the subgrade is expansive.

FACTOR S NEEDED FOR CHARACTERIZING EX PANSIVE SOILS
To state the factors needed to characterize these soils i nvolves the use of

certain assumptions and the formulation of a theory of behavior permitted by those

assumptions. In order to determine heave, one must sum the volume strain over the
profile , modified by the factor f to account for cracking , which reflects the por-
tion of AV that occurs vertically,

d
= E f4.AL.(L.) (1)

L=0 ‘ ~ 1 0

6
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where
= total heave

d = depth below the surface

= vertical dimension change for the ~
th layer, % as a decimal

(L 1 ) = origina l thickness of the ~
th l ayer

= factor between 1 and 1/3, depending on cracking , which relates
volume change to change in the vertical dimension.

In order to get the value of AL 1 several pieces of data are needed. They are
the response to load and moisture changes and predicted changes in load and mois-
ture. The form of these factors and the equations for the predictions are pre-
sented below in a review of recent work in the area of expansive soil characteri-
zation .

TERM I NOLOGY
An explanation of some terminology is needed at this point. In particular ,

the term suction is a source of considerable discomfort when it appears in engi-
neering litera ture. To help explain suction the followi ng example is presented .
First , consider the soil to be in equilibrium when it is saturated and in contact
with water at atmospheric pressure. When it is drier than this , the soil water

is below atmospheric pressure , the imbalance being maintained by the soil ’s at-
traction for water. The reasons for this attraction were the subject of previous

discussion (Ref. 1).
Recently, however , Snethen , et al. (Ref. 2) and Low (Ref. 11) have presented

evidence that the adsorption of water on the clay particle surfaces is , for prac-

tical purposes , the overwhelming factor involved in the attractive forces. As

each increment of water is removed, a greater intensity of the removing mechanism
will , be- required to .remove the next. increment. • . . • .

This property of soils is illustrated by plotting the moisture retention or

suction versus the soil gravimetric water content. Figure 4 is an example of the

relationships Involved (Ref. 12). Water held in capillary space is usually not V

particularly important in dealing with in situ expansive soils. Most moisture

contents found in field soils correspond to moisture retention (suction) levels

• of 3-5 pF (98-9800 kPa). The units used here are easily converted to other pres-

V 
sure units as shown in Figure 5.

In this report the terms moisture retention and auction are mos t often used.
V Units shown are pF , and kPa primarily. The pF (Ref. 13) is the logarithm to the

V V V V ~~~~~~~~~~
V ± tVVV V V

~~~~~~~V~~~~~~~~. .~~~~~~~~~~~~•
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base 10 of the suction measured in centimeters of water or grams per centimeter
squared.

RECENT WORK
As reported previousl y (Ref. 1), the use of strain-suction to characterize

expansive soils has provided excellent results for slab foundations . Findings
indicated the slope of this relationship does not vary greatly wi th soil type or
overburden l oading within the range of pavement loading . A search of the litera-
ture provided data to support this assertion .

• Figure 6* shows data from several sources found in the literature . These
data represent a variety of loads (0.7 to 3.5 psi) and were conducted at three
different laboratories in three different countries. Data not included were un-
loaded cases and some samples compacted at dry conditions. All data represent
remolded samples.

The conclusions reached from this plot are: (1) the slope varies from about

2 to 1.4 for the conditions represented; (2) as loads increase the slopes are re-
duced; (3) the slope may not vary greatly from soil to soil thus providing con-
siderable simplicity in swell prediction. Since the equipment and procedures are

comp lex , the measurement of the slope for design purposes is not practical.
The U.S. Army Waterways Experiment Station (WES) has just completed an exten-

sive study of expansive soils for the Federal Highway Administration (Ref 5. 2, 19,
20). Results published so far by WES have led to a classification system based on

correlation of liquid limi t, plasticity index, and natura l suc tion w ith swell as
measured in a one-dimensional swell test (Ref. 20). While the end result of this

system will provide a categorization of expansive soils, the design portion of the 
V

study is still not available. The concept of the WES system is presented in Refer-
ence 21. It i nvo lves charac ter i zing so il response to moi sture changes in terms of 

• 
-

the suction-water content relationship and in terms of the specific volume-water

content relationship, when unrestrained clods are used . Linear strain is predicted

• by using the following relation ,

• 
= i ~~e 0 

[(A - Bw0) - log(r~f + cu3q)] (2)

*F•igure 6, p. 12 , conta ins References 14, 15, 16, 17, and 18.

11
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where
= volume change one-dimensional behavior

Cr = suction index = a G /lOO B
e0 = initial void ratio
w0 = initial water content, in percent

‘tmf = final matrix suction , in tons/ft2

a = compressibility factor (slope of specific volume versus water
content relationship)

= final applied load , in tons/ft2

A , B = intercept and slope of the suction (tsf) versus water content plot
= specific gravity of soil solids

The compressibilitL, factor (a) is the slope of the specific volume versus
moisture-content relationship. It represents the fraction of the applied pressure
effective in changing the pore water pressure. It is assumed in this case that
the compressibility wi th respect to load changes equals the compressibility with
respect to moisture changes. The development of this method requires a procedure
for determining the suction-moisture content relation , the compressibility (slope
of specific volume versus water content), and techniques to predict final matrix
suc tion (T mf)~

The Coefficient of Linear Extensibility (COLE) test used by the Soil Conser- -

vation Service, National Soi l Survey Laboratory (NSSL) is another means used to
characterize volumetrically active soils (Ref. 22). The COLE measures the linear

extensibility and compressibility calculated from bulk density change that occurs
between a moisture retention (suction) of one-third atmosphere and oven dry. This
assumes

• ., • .  — . . • • • r ~l/3 . • V • . a •

= 
~~~~~~~ 

— 1 = COLE (3)
0 L~2.5J

where

COLE = AL/L0 = coefficient of linear extensibility
= bulk density oven dry

~2 5 
= bulk density of one-third bar moisture tension (2.5 pF equals 1/3 bar)

It is clear that the COLE Is directly related to the slope of the relation-
ship shown In Figure 6, because the linear extensibility Is always measured over
the same change of suction. Another way of stating this correlation Is that the

13 
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slope of the strain-suction relation is

~ 
_ A~L _ COLEs OPe -
~~

— - 4 47 P F

where
slope = change in linear strain (C

L 
= AL/L0) wi th respect to change

in suction (here suction is in pF)

COLE = same as above
Ah = change in suction used in the COLE test, oven dry is 7.0 pF ,

l/3 bar is 2.53 pF

It was demonstrated that the slope of the strain-suction relationship could
be used for design predictions (Refs. 18, 23, 24, 25). This relationship can also
be computed if the COLE is known . The Soil Conservation Service has data that
also relate COLE and clay content as determined by the pipette method , Figure 7
(Ref. 26). From these data the slope for the strain-suction relation is indicated
between 0.5 and 4.0. Keeping in mind that this figure inc ludes a full range of V

clay contents (30 to 80 percent) and no overburden loading , it appears to be in
substantial agreement wi th the previous data .

Another computational method for heave prediction has been derived from mix-
ture theory by Lytton (Ref. 27). The following treatment is taken directly from
his presentation.

Volume Strain
Since the size of the volume strain depends on the size of the suction and

of its change as well as on the size of total pressure and of its change, the

• . ~ol1ow~ng Jncr~ne~tal volu~e str~ JI ~quati~on i~~p~rqpo~ed

~or constant pressure 1

= ‘~ h = (5)

‘for constant suction 1

where and are positive valued compression constants, h is suction and a

is stress. In integral form, Eq. (5) becomes:

14
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v ~~~~~ 

= - 

~ h 

hf ~~ 
= 

of 

(6)

where i and f refer to initial and fina l values. Completing the integrations
gives: 1h -Y

V f ( h f\
- 

~h1) ~a~~)

where the subscripts i , f mean initial and final states, and v , h , and a stand
for volume, suction , and total stress.

If both suction and total pressure stress tensors change during a wetting
and loading process, then Eq. (7) becomes:

~~

= (

~~

)

1h
+ (~i)~

° 
(8)

If the volume changes are small , then an incremental form of Eq. (8) may
be used :

ln(~.!~) 
= ln(~~v~ 

A V )  
~~ (9)

(
~

) 2.3026 x [Y h( 1o9 hf - log hj )_ 10(lo9 c
~ 

- log o~)] (10)

where log = logarithm to the base 10. This incremental form of the volume strain
eqiratio~ i~ familiar to~~,i~ineers in predictin~ càI~solid~ti&i s~ ttlement , if the
following substitutions are made :

- Ae (11)

C
2.3026 1h = 1 +

h
e (12)

2.3026 = 1
_C (13) 

V 
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where
e0 = initial void ratio

Ch, C = suc tion and tota l stress compress ion i ndexes respectively.

Another form of Eq. (10) provides still more insight into the mechanism of
swelling . 

Vr(
~

) = 2.3026 Y
h[~

09 h~ - log h
f(~t) ] (14)

This equation has also been proposed by Snethen and Johnson (Ref. 21), except
that in their equation ,

Yo/Yh

h
f(~~) 

= hf + 
~

Gf 
(15)

where ct is the equivalent factor relating pressure change to suction change.
Algebraic manipulation of Eq. (15) gives an expression for a in terms of

measureable stresses and the compression constants:

0 

~~1] 
(16)

The follow ing observations can be made from this equation. If a soil is insensi-
tive to volume change wi th a change of suction , 

~
‘h is zero and a will be zero.

- 

~‘TP* ~~li~ of a wi 1’depend upon th~ ratio of the final values of suction and total
stress in any swelling or shrinking process.

The value of to be used in Eq. (14) is the value of the nominal pressure
• that is applied to a laboratory soil sample in performing a “swell test,” i.e.,

0.1 tons/ft2 or 9.6 kPa. The value of is the isotropic pressure applied to
the soil by the overburden pressure and lateral restraint. When the soil is
swelling , a

~ 
will be equal to the overburden pressures; but when the soil is

shrinking , a~ will be less than the overburden pressure because the lateral re-
straint is reduced by shrinkage cracking . Heave will occur at all depths above
which the following conditions are met:

17
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h.
(1) ~! 1

—(Heave) (17)

(2) h
~ 1 ? 1hf Of 

-

Vertical contraction will occur at all depths above which both of the above V

criteria are less than 1.0.

Initial Suction
The initial value of suction has been found to be represented conveniently

by the following equation (Ref . 2):

log h~ = C - dw 1 (18)

where c and d are constants for a given soil and a given wetting or drying process ,
and w,~ is the initial gravimetric water content in decimal form.

Typical values of c and d for a variety of soils in a drying process are given

i n Ta b le 1. The constants w i ll not be greatly different for a swelling process as
long as there is not much hysteresis in the suction-water content curve between the
adsorption and desorption phase. For more detailed information on the soils listed

in Table 1 , see Reference 2.

Compressibility Coefficient for Constant Pressure, 
~
‘h

A test to determine the suction change compressibility of expansive soils in
their natural condition was first proposed by the SCS (Ref s. 28, 29, 30) and the
resu1tin~ L~ieasurement wa~ ,,ca~~ed the COLE test. The change of suction imposed on
the soil is between 32.7 kPa (4.7 psi) and oven dry (approximately 9.805 x l0~
kPa). COLE data obtained by McKeen (Ref. 31) from the SCS showed that the value V

of 1h depends upon the clay minera l type and the percent clay present in the soil.
For 2:1 expanding lattice soils of which montmori llonite is typical :

= 2.3026 
~h 

= 0.00056(% clay ) - 0.00433 (19)

For clay—mica soils , illite being “typical” mineral:

= 2.3026 1h = O.00047(% clay) - 0.00351 (20)

18 
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TABLE 1. CONSTANTS RELATING SUCTION (kPa) TO GRAVIMETR IC WATER
CONTENT (DECIMAL ) [AFTER SNETHEN AND JOHNSON (REF. 2)]

Site Geologic State c dNo. Formulation

Yazoo Mississippi 7.195 10.68
2 Hattiesburg Mississippi 5.721 13.45

3 Alluvium Louisiana 5.642 8.80
4 Prairie Terrace Louisiana 4.899 11.52
5 Taylor Texas 4.658 10.39

6 Vale Texas 11.896 77.07
7 Washi ta Oklahoma 8.202 39.36

• 8 Hennessey Oklahoma 10.493 52.74
9 Chinle Arizona 5.173 18.80

10 Chinle Arizona 7.812 24.54
11 Mancos Utah 4.461 12.05
12 Blue Hill Kansas 6.575 16.01
13 Graneros Kansas 8.381 33.86
14 Pierre Colorado 4.953 8.11
15 Laramie Colorado 8.434 16.20
16 Denver Colorado 7.800 31.40
17 Mowry Wyoming 6.403 15.07
18 Pierre Wyomi ng 8.573 33.21
19 Bearpaw Montana 8.184 33.86
20 Pierre S. Dakota 8.177 21 .07

i- or 1:1 expanding lattice clay minerals such as kaolinite ,

= 2.3026 
~h 

= 0.00018(% clay) - 0.000098 (21)

V where refers to the compressibility coefficient on a l ogarithmic base of 10.
• The constant 

~
‘h is the same coefficient relative to a logarithmic base, e. The

coefficients will range between zero and slightly over 0.05.

Compressibility Coefficient for Constant Suction , 
~
‘0

• Typical values of v~ (= 2.3026 were calcula ted from the resul ts of swe l l
tests and swel l pressure tests reported by Vij ayvergiya and Sullivan (Ref. 19),

19
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according to Eq. (22).
(tv/v)

= 

lo9(~~
) 

(22)

where
= swell pressure
= nominal pressure of 0.1 tons/ft2 (9.6 kPa) applied during

the swell test V

(~v/v )0 = volume strain in swell test, decima l units

The range of these calculated values of fell between 0.02 and 0.09 indi-
cating that the ratio 

~h
1
~o 

is typically at or slightly below 1.0. Table 2 shows
selected values of -

~~~~ 
as calculated from the published data (Ref. 7). The corre-

sponding values of C were calculated using Eq. (13), and their values range be-
tween 0.030 and 0.145. These values of C0 may be compared directly wi th values V

of the compression index C0, which is used in calculating settlement.
This presentation illustrates the relation between many aspects of the sub-

ject. It is significant that this body of theoretical knowledge is beginning to
correlate wi th much of the laboratory work being conducted . In order to use the
swell-suction relation for design , one needs a means of predicting suction changes.
One technique may be to measure suction-water content relations. If , as the WES
data suggest, a linear relation exists in the range of in situ moisture coñd”1tion~
some other techniques are possible: namely, a linear relation between swell and
water content in the range of in-situ moisture contents. While this subject is
to be studied in later work, some suction measurements were made in the current
work as the result of the author ’ s finding a promising technique in the litera-
ture. This procedure involves equilibrating calibrated filter papers wi th soil
samples (Ref. 32). By measuring the moisture content of the paper, one can meas-
ure the moisture retention or suction . This technique is inexpensive , simple ,

and has been used extensively by the United States Geological Survey, Water Re-

sources Division (Refs. 33, 34, 35). A significant advantage is the wide range

of this test method .

EXPERIMENTAL FRAMEWORK
Experiments were conducted to evaluate the variability of the swell-suction

relationship from soil to soil and with variations in other more easily deter-

mined properties. These four properties were Atterberg Limi ts, clay content,

20
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TABLE 2. TYPICAL VALUES OF COMPRESSIBILITY COEFFICIENT ,
y ’ AND COMPRESSION INDEX , C
0 IV)

[A FTER VIJAYVERG IYA , ET AL. (REF. 7)]

T ~ 
Swel l Dec ima l

Pressure , Volume e0 C0kPa Strain

1 46.0 0.0225 0.033 0.38 0.046
2 38.3 0.0120 0.020 0.48 0.030
3 37.4 0.0145 0.025 0.45 0.036
4 153.2 0.0510 0.042 0.43 0.060
5 35.4 0.0195 0.034 0.46 0.050
6 75.7 0.0390 0.043 0.45 0.062
7 114.9 0.0400 0.037 0.49 0.055
8 153.2 0.0530 0.044 0.45 0.064
9 91.0 0.0390 0.040 0.40 0.056

10 134.0 0.0300 0.026 0.46 0.038
30 326.0 0.0890 0.058 0.33 0.077
42 374 .0 0.1360 0.086 0.46 0.126
47 517 .0 0.0900 0.052 0.39 0.072
53 345.0 0.128 0 0.082 0.40 0.115
93 575.0 0.0970 0.055 0.37 0.075
132 418.0 0.1300 0.080 0,43 0.114
133 479.0 0.0830 0.049 0.59 0.073
170 192.0 0.1200 0.092 0.58 0.145

COLE and bar linear shrinkage. In addition , a modification of the COLE test us-
ing clods at varying moisture content was evaluated. The suction-water content
relationship, as determined by the use of calibrated filter papers, was also
studied . V

The emphasis in this laboratory work was on the evaluation of soil behavior
as responses to changes in load or moisture condition . The objective was to ob-

• tam a rapid means of determining the response for unit change in load or suc-
tion. These soil properties , combined wi th predictions of the total change anti-

cipated in situ , provide the necessary data for soil response (heave) predictions
V as indicated in the technica l literature .
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SECTION 3
TEST METHODS

INTRODUCTION
Numerous sampling and testing methods are used in the engineering evaluation

of soil behavior for obtaining design data. The presentation and description of
these is often inadequate in the technical literature . The methods used in this
study will be presented as clearly as possible , although questions of the effects
of various aspects may remain unanswered . The following section describes the 

V

methods employed.

SAMPLING - UNDISTURBED MATERIALS
Throughou t this report samples are referred to as disturbed or undisturbed .

It is recognized that no soil sample removed from its in situ environment is V

truly undisturbed . The samples referred to as undisturbed were obtained by push-
ing large diameter steel sampling tubes into the soil with a hydraulic ram
mounted on a mobile drilling rig. Part of the samples were obta i ned by the U.S.
Army Corps of Engineers , Waterways Experiment Station and furnished to CERF for V

this program. The remaining samples were obta i ned by CERF personnel . The sam-
pling tubes which were used are described in Table 3.

The WES samples were sealed with expanding packers to prevent the loss of
moisture and stored in a cool , dry warehouse at Vicksburg , Mississippi . They
were taken during 1975 and stored until mid 1977 at which time they were shipped
to CERF . When received in the laboratory , the samples were removed by cutting
the tubes. Soils were generally in good condition , although some moisture loss
had occurred .

TABLE 3. CHARACTERISTICS OF SAMPLING TUBE

Dimension , in WES CERF

Outsi de Diameter 5.25 4.5

Inside Diameter 5.0 4.375

Wall Thickness 0.125 0.0625
• Length —36 24

Approximate
Sample Length 

— —  
-24 

— 

-18
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The CERF samples were extruded in the field , seal ed in double 4—m u plastic

bags and packed in metal cans wi th vermiculite ; or they were sealed in the tubes.
Samples sealed in the tubes were plugged with paraffin approximately one-half
inch thick. Soils in the tubes were extruded in the laboratory within about two
weeks of the sampling. Materials were sampled during October through December,
1977. A diagram illustrating testing performed on undisturbed materials is shown
in Figure 8. The tests are discussed below.

SAMPLING - DISTURBED MATERIALS
Disturbed samples were collected from auger cutti ngs or removed with hand

tools (pick and shovel ) from shallower depths. They were placed in plastic bags
and sealed with tape to preserve the sample moisture condition. Some disturbed
materials were obtained using steel sampling tubes to extract the soil , followed
by extruding and sealing as prev iously described . Moisture content samples were

removed and placed in cans in the field and sealed with electrical tape. The
samples were taken at a variety of depths through the profiles . All tests on
soils obtained by WES were made on material taken from the sampling tubes. Fig-
ure 9 shows tests for disturbed materials.

STANDARD METHODS OF TEST ING
Standard methods of testing as published by the American Society for Testing

and Materials (ASTM) were used in evaluating soils. Those tests used are listed in
Table 4. The American Association of State Highway and Transportation Officials

(AASHTO) method was used for evaluation of organic content on those soils having
a dark color.

OTHER TESTS
In addition to the standard test methods mentioned above, test procedures

standardized and used by other organizations were included . These were the co-
efficient of linear extensibilit y (COLE), bar linear shrinkage (BLS), and the

• 

- 

determination of moisture retention (suction) of soils by the filter paper tech-

ni que. Some description of these procedures is presented to benefit readers not

• familiar with them.

COLE TEST
V The COLE test is performed routinely by the Soil Conservation Service in

preparation of a variety of studies by the National Soil Survey Laboratory (NSSL)

23
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TABLE 4. STANDARD TESTS USED

Title of Method Designation

Liquid Limit of Soils ASTM D423-66
Plastic Limit and Plasticity ASTM D424-59

Index of Soils
Shrinkage Factors of Soils ASIM D427-61
Specific Gravity of Soils ASTM D854-58
Particle Size Analysis of Soils ASTM D422-63
Determination of Organic Matter AASHTO 1194-70

in Soils by Wet Combustion

in Lincoln , Nebraska . Previous study of the technical literature (Ref. 1) indi-

cated the COLE of a sample might be a good indicator of field behavior of soils.
As performed by the NSSL , the test consists of the following steps (Ref. 22);
also see Appendix A:

1. Collect natural clods 50 to 200 cm 3 .
2. Imerse each clod briefly in a plastic solution using a thread

or fine wi re.
3. Apply additional coats in the laboratory and permit the

clod to absorb water by capillary action (Fig. 10).
4. Equilibrate the clod by the pressure plate technique at

one-third atmosphere (Fig. 11); then determi ne weight
and volume by Archimedes principle.

5. Then oven dry the clod and determine its weight and
volume in the same manner.

6. Computation is made as follows (Ref. 22):

rDbdl
1”3

COLE = I~W I  
- 1 (23 )

L m J  
V

where Dbd and Dbm are dry and moist bulk densities respectively.
A large volume of COLE data has been obtained by the NSSL. Therefore, it was 

V

decided the procedure evaluated should dupl i cate that used by the NSSL. The pro-

cedure used and reported as COLE in this study follows that presently used at the

• L incoln Laboratory, except that it was performed at CERF . In order to insure

duplication of COLE procedures, a CERF employee spent two days at the NSSL for
training . V
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BAR LINEAR SHRINKAGE TEST
The bar linear shrinkage test (Ref. 36) was performed following the Texas DOT

procedure (Tex-107-E) wi th slight modification. Along with the measurements of

shrinkage, the weight change wi th time was determi ned. These data provide a

shrinkage curve for the pulverized soil as illustrated in Figure 12. In addition

to the slope of the shrinkage curve , the range of volumetric activity is important.
These data can be used to characterize the volumetric response of expansive soils
to moisture changes. It i•s clear the total shrinkage usually measured in the test
can be represented in terms of the slope and range.

MOISTURE RETENTION (SUCTION)
The measurement of the intensity with which a soil retains moisture is a

fundamental characteristic of that soil. A tremendous amount of research has been
devoted to the study of moisture characteristics or moisture -suction relationships
of soils. Although agricultura l scientists have routinely measured moisture re-
tention , engineers have not, primarily because of the complexity of such a deter-
mination. More recently the use of thermocouple psychrometers (Ref. 2) and cali-
brated filter papers (Ref. 32) have been demonstrated to have potential for
routine measurements in engineering applications.

Figure 13 illustrates the types of relationships obtained between moisture
retention and moisture content for a heavy clay soil (Ref. 37). The relationship
between Atterberg Limits and moisture retention characteristics have been studied
in detail and shown to correlate to a high degree (Refs . 38, 39, 40, 41, 42).
Typical data for a soil is shown in Figure 14.

The test method is fully described in Appendix A. A suninary is provided

here for the purpose illustrating the technique. A calibrated filter paper was V

placed in a moisture can with the sample (clod or pulverized ) as shown in Fig-
ure 15. The filter paper was separated from the clod by a small piece of paper -

towel cut the same size to prevent soi l particles from adhering to the filter
paper. The can was then ‘sealed wi th plastic tape and allowed to equilibrate in

V an insulated chest, Figure 16. After seven days the filter paper was removed
and its moisture content determined. By use of the calibration curve , the mois-
ture retention was determined, Figure 17.

The method requires use of a temperature controlled room (20° ± 10 C) as de-

L veloped (Ref . 32). In order to facilitate the use of the technique by conventional
soil testing laboratories , th i s  restriction was disregarded . During the tests at

CERF , temperature varied between 20 and 27° C.

28
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CLOD TESTS 
V

Measurements of the change of bulk density of natural clods were made by use
of the procedures involved in the COLE tests as previously described . Clods were
allowed to acquire a variety of moisture conditions by having water added to some
while others were permitted to dry slightly. Once the desired moisture condition
was obta ined , moisture retention was determined by the filter paper method. Bulk
density was then determined . The plastic-coated clod was then oven dried and its
final dry density determined.

Figure 18 illustrates a specific -volume versus water-content plot for a clod
test. The BIS data plot is also shown . It should be kept in mind that each data

point for the clod test is a separate sample of the material. Because the sample-
to-sample variation is expected , regression lines were computed for clod data to
determine the slope. For the sample shown , the clods were slightly less respon-
sive to moisture changes than for the BLS specimen . The variability from clod to
clod reflected by the fina l density range shown on the vertical axis should be

V noted.

SWELL TESTS
As previously reported (Ref. 1), the swell-suction relationship for expan-

sive soils has been demonstrated to prov ide the most advantageous approach to
characterizing these soils for design purposes. A search of the literature for
evidence of the nature of this relationship resulted in substantial evidence that
the slope does not vary a great deal as shown in Figure 6. If the variety of ma-

terials , surcharge loads, and test equipment is considered , the data provide a

significant indication of tne fundamenta l nature of the response of expansive

soils to moisture changes .
The swell tests used in this work were intended to provide the data illus -

trated here. To obtain these measurements , it is necessary to use a pressure
membrane apparatus possessing the capability of applying an independent surcharge

or mechanical load to the sample. Figure 19 schematically illustrates the prin-

ciples involved in the cel l used . Early in the testing program a review of tech-
niques previously used for controlled suction swel l tests was made. Table 5*

illustrates the find i ngs of that work. On the basis of a study of these techni-

ques , it was concluded that no readily obtainable equipment existed which could
provide the necessary capabilities .

*Table 5, p. 37, contains References 43, 44, and 45.
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TABLE 5. PREVIOUS WORK INVOLVING CONTROLLED-
SUCTION SWELL TESTS

Equipment Suction
Source and Sampl e Pressure

Membrane _______________________ Range

CSIRO Modified Wykeham Remolded 9.8 - 980 kPa
(Ref. 43) Farrance Consolidation 3 in (7.6 cm) Dia. (1.4 - 142 psi)

Frame - Nab Cellulose 1 in (2.5 cm) High

Escario Mercury Suction Plate Remolded < 9.8 kPa
(Ref. 15) - 1 Bar Porous Plate (< 1.4 psi)

Escario Pressure Membrane Cell Remolded 0 - 1765 kPa
(Ref. 16) - Cellulose 2.75 in (7 cm) Dia. (0 - 256 psi)

0.7 in (1.8 cm) High

Compton Modified Bishop Remolded 0 - 490 kPa
(Ref. 14) Oedometer - 5 Bar 3 in (7.6 cm) Dia. (0 - 71 psi)

Porous Ceramic 0.75 in (1.9 cm) High

Fredlund Modified Anteus Remolded
(Ref. 44) Oedometer - 4 and 15

Bar Porous Ceramic

Kassiff Modified Consolidation Rernolded 0 - 1570 kPa
(Ref. 45) Apparatus - Cellulose 1.8 in (4.5 cm) Dia. (0 - 228 psi)

0.6 in (1.5 cm) High 
_______________

Equ i pment on hand at the CERF was modified for use in these tests. Large
triaxial testing cells were modified to provide loading capability on a sample
mounted on a cellulose membrane inside the cell. Figure 20 illustrates the dis-
assembled cell components. Samples were cut from undisturbed materials to be
3.0 in (7.6 cm) in diameter by 0.75 in (1.9 cm) in height. They were placed in
the cell on a cellulose membrane supported by a 1/8-i nch-thick porous stone in
the base. Another porous stone and loading plate were positioned on top of the
sample. Externally applied loads were placed on the loading plate through a
load i ng rod. Samples were initially equilibrated (~L ~ 0.0001 in 24 hours) at a
cell pressure of 120 psi (—10’ kPa). The cell pressure was then reduced in incre-
ments to allow reduction of the suction pressures, thus permitti ng the sample to
take on water through the semipermeable membrane .

It was necessary to utilize compensating pistons (Figs. 20 and 21) to counter-
act the air pressure on the loading rod in the cell. As a result of the configura-
tion of these cells , an imbalance was present In the system . Imbalances were
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FIGURE 20. DISASSEMBLED CELL COMPONENTS
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FI GURE 21. ASSEMBLED CELLS
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accounted for by calibrati ng each component of the cel l as well as the assembled-
device over the full range of operation of the cell. A variety of mechanical
pressures were applied by the use of the loading rod in order to evaluate the
response of the samp les under var ious loadi ngs.
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• SECTION 4
DATA PRESENTATION AND ANALYSIS

INTRODUCTION
In this section the results of the tests involved -in this study are presented

and discussed . The factors affecting the results are enumerated and evaluated as
fully as possible. In some respects this presentation is detailed . It is recog-
nized that this aspect of the report is significant to subsequent researchers but
is not particularly important in applications to practical problems .

Results of standard tests are presented in Appendix B. The format consists
of grain-size distribution curves and tables containing results of measurements of
various samples at each site. Except for one MH soil , all soils tested were clas-

sified CH or CL on the basis of the Unified Soil Classification System (USCS).
The range of soil types was made intentionally wide in order to cover the full
range of soil behavior.

MOISTURE RETENTION (SUCTION)
Suction measurements were made on samples of natural soil clods by use of the

filter paper or wide-range method (Ref. 32). These measurements were included for
three specific reasons. First , the fi l ter paper technique has great potential for

routine use in soil engineering but has not been evaluated in this context. Second, 
V

the WES study (Ref. 2) indicated that the suction/water-content relationship is of

significant value in characterizing expansive soil behavior. Thirdly , Lytton V

(Ref. 27) has used the suction-water content relation for obtaining initial suction 
V

values used in his mixture theory model of expansive soil behavior. V

Before extensive testing began , three aspects of the technique were evaluated :
calibration , equilibrium time and hysteresis effects. A calibration curve has been
published by McQueen and Miller (Ref. 32). Several points were checked by using

solutions prepared with distilled water and reagent grade potassium chloride. Addi-

tiona l data were obtained from the pressure plate used for the COLE tests. The re-

sults of a regression analysis coincided very nearly with the previously published

curve. These results made it possible to use the previously published calibration

for all computations.
Multiple specimens of one sample were used to evaluate the equilibrium time

required for the filter paper. Measurements were made at 2, 5, 7, 12, and 14 days.

All measurements after five days were consistent. For all tests in this study, a
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seven-day equilibration time was used. For most data found in the literature , the
suction-water content relation exhibits hysteresis between the wetting and dryi ng
portions . However, thermocouple psychrometer data (Ref. 2) did not indicate the
existence of hysteresis. Two samples were used to evaluate hysteresis effects by
means of the filter paper technique. Figure 22 shows the results . The data in-
dicate no significant hysteresis in the suction-water content relationship for
these samples.

Results of moisture-suction measurements for soils in this study are shown
in Appendix B. Thermocouple psychrometer measurements are also shown for sam-
ples provided to CERF by WES. These were all made on separate samples . Regres-
sion lines were computed for these data but did not prove meaningful . The data

• were then enclosed in an envelope. This approach seemed to enclose the data bet-
ter and to provide a measure of the variability of the material . It is th is

variation wi thin a clay formation that results in differential heave.
A summary of the results is presented in Table 6 where the slope and inter-

cept of a line through the center of the data band are shown . In addition , the
apparent maximum water content is shown . For several samples , the del i neation of
this maximum water content is clear. Other samples did not have such a boundary.
The concept of this phenomena was presented as an aggregation model (Ref. 46).
The implications are that each soil develops bonds as it goes through cycles of
wetting and dryi ng and , secondly, that when the soil takes on water, the swel l is
restricted by these bonds. The importance of aggregation will be apparent as the
results of this testing are presented and discussed . The slope shown in Table 6
for Hennessy No. 7 is 12.05, indicating a volumetrically active soil for moisture
changes. However, due to aggregation , this soil will not take on water in excess
of 13 percent by weight. In contrast, the Mc’quino sample is less responsive to
unit change (slope = 15.32) but responds over a much wider range (Wmax = 0.4).

These characteristics are detectable by the wide range (filter paper) method of
measuring soil suction .

COLE TESTS
All COLE values reported here were obtained by duplicating the NSSL proced-

ure. Previous workers have correlated COLE wi th clay content (% < 2 urn) (Refs.

26, 47). These are shown in Figure 23 together wi th data from this study. All
efforts to correlate COLE-clay relations with mineralogy were unsuccessful. How-

ever, a threefold scheme for evaluation appears to be appropriate . Equations (1),
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TA BLE 6. SUCTION-MO ISTURE RELATIONSHIPS

Site Sample ~~~~~~~~~ 
Int:rcept ,

Ellsworth 2,5,10 11.17 6.08 0.25

Hennessy 4 20.30 5.70 0.11 V

Hennessy 7 12.05 5.82 0.13
Holbrook 2,5,8 13.66 6.80 0.33 - 0.49*
San Antonio 4,6,8 8.02 6.46 0.41
DFW 2-2 9.16 6.28 0.34*
DFW 2-3 5.90 6.25 0.65*

V DFW 3-1 27.83 6.34 0.20
Moquino --- 15.32 6.54 0.40
Tucumcari 1 10.98 6.12 0.25
Tucumcari 2 14.32 5.78 0.22* 

V

Kelly --- 13.29 6.27 0.33*

*Limited data.

(2), and (4) were obtained by Brasher (Ref. 26) and are based primarily on soils
data from the western United States. The clay contents were determined by the
standard NSSL pi pette method (Ref. 22). This method routinely includes removal of
organics and cementing materials by chemical treatment. The data for Eq. (5) were
apparently similarly obtained for some Ohio soils. Data obtained by CERF [data
points and Eq. (3)] involved a variety of soils. Clay contents were determined by
the hydrometer method (ASTM 0422) wi th a dispersing agent as the onl y treatment.

The CERF data indicate that minera logical influence is largely masked in this
measure of soil response. This masking is probably due to the marked influence of

the level of aggregation discussed in the previous section.
V The results of the COLE tes ts may be ca tegor i zed In three groups. Firs t, a

highly expansive group for which the relationshi p between COLE , compressibility ,

and clay Is:

= COLE o.00 l79(% C) - 0.041 (24)

Clays wi th this behavior are not difficult to identify because natural deposits

are highly fissured as the result of movements withi n the material . The shearing
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planes or “sbickensides t are easily identified . Clay contents in these materi als
are characteristically hi gh (60 to 80 percent ) as evidenced by clays of the Eag le-

V ford Formation in Texas and the Yazoo in Mississippi .
For most clays the following equation is more appropriate:

= 
~~

- COLE = O.00057(% C) - 0.0057 (25)

or 

~h = - COLE = 0.00057(% C) + 0.0139 (26)

The first of these equations [Eq. (25)] is the regression equation from CERF
tests. The second [Eq. (26)] is the same equation to which 1.96 times the stand-
ard deviation has been added in order to overpredict for 95 percent of the mate-
rials. A third equation could be used for the low data points . These materials ,
like the high ones , are easily identified by their rigid , stable structure and
their inactiveness.

All three of these are empirical equations based on limited data . Clay con-
tents were from 30 to 67 percent and COLE values were from 0.01 to 0.22. These
equations must be used wi th caution outs ide the range of data from which they
were developed . Further , it should be noted that the COLE tests were performed
on undisturbed clods of the soils. The results thus reflect the aggregation of
the natura l soil. When this natural structure or fabric is destroyed by remold—
ing , the behavior may be altered significantly.

CLOD TESTS
Natural soil clods were allowed to acquire a variety of moisture contents

and then equilibrated wi th filter papers to measure suction. These same mate-
rials were then coated according to COLE procedures and their bulk density de-
termined. After the materials were oven dried , their final bulk density was
measured . From these measurements the volume strain (~v/v 1 ) was calculated and
converted to linear strain (~L/L 1 ) by the COLE procedure. These data , which ap-

pear in the Appendix , were plotted as linear strain versus the initial suction

of the clod . As with suction/wa ter-content relations , a band of two enclosing

lines was constructed from the data . The summary of these lines is shown in

Figure 24.
Once the suction level reached about 2.2 pF (15.5 kPa), volumetric activity

apparently ceased . At the other extreme , as the soil dried, volume loss ceased be- V

• tween 5 and 6 pF. All volumetric activity in the soil occurred wi thin the same
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range of suction values. The slopes were not greatly different. Establishing

these boundaries for soil activity is an important step toward simplif ying soil
characterization.

The bulk density changes measured were used to prepare shrinkage curves (spe-
cific volume versus water content) as shown in Section 3. The slope of these re-
lations has been used for heave predictions (Ref. 21). Table 7 shows that the
slopes (ci values ) are flatter for clods than for pulverized material (bar linear

• shrinkage). Also shown in the table are the initial and final water contents
which reflec t the range over which the slope applies . The effects of aggregation

and unsa-turation are ev ident i n the flatter slo pes of the natural clods. If it
is assumed that the values are the same for l oad compressibility , a procedure for
heave prediction becomes available.

BAR LINEAR SHRINKAGE

The bar linear shrinkage test involves measurin g the shrinkage of a pulver-

i zed soil sample from above the liquid limit to oven dry . In this work , weight
change and final density were determined for each test specimen. On the~basis of
these data , a shrinkage curve was then plotted (specific volume versus water con-

tent). The value of the slope was interpreted as a measure of the soil compres-

sibility and is shown in Table 7. By comparing these to values determined using

natura l clod sampled , one can see clearly that pulverization significantly alters

soil behavior. The total linear shrinkage of pulverized materials is clearly de-
pendent on the moisture content range over which the soil is active. The restrict-

in g effect of soil structure or fabric reduces the activity of the same soil in a

natura l condition. Thus , it is pointless to predict behavior of natura l materials

by using results derived from pulverized soil.

SWELL TEST
Swell tests were performed in a unidimensional mode under conditions in which

the suction could be controlled by the introduction of air pressure in the sample

chamber. The sample was in contact wi th water at atmospheric pressure through a

semipermeable membrane . Samples were placed in the cell at their existing mois-

ture and density condition. After each sample was equilibra ted at 120 psi air

pressure, the air pressure was lowered in increments . The pressures were main-
ta m ed until the vertical dimension change was less than l0” inches over a 24-
hour period . These criteria are similar to those used in many conventional swell

tests.
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TABLE 7. COMPRESSIBILITIES FROM BULK DENSITY DATA

_____ 

Clods 
______ 

BLS 
_______

Site Sample ~C 
Range 

— _______ 

Range

cm 3/g W 1 W~ cm 3/g w. wfg/g g/g 1 

- ______ _________

Ellsworth 2,5,10 0.77 0.11 0.28 0.978 0.15 0.53 11.3
Hennessy 4,7 1.05 0.08 0.17 0.955 0.15 0.35 8.9
Holbrook 2,5,8 1.10 0.11 0.35 1.123 0.09 0.61 15.3
San Antonio 4,6,9 0.87 0.12 0.43 1.175 0.13 0.77 22.0
DFW 2-2 0.86 0.10 0.37 1.084 0.09 0.65 20.0
DFW 3-1 0.80 0.11 0.26 1.061 0.09 0.29 13.4 V

Moqu ino --- 0.90 0.10 0.52 1.007 0.10 0.50 18.5
Tucumcari 1 1.04 0.11 0.37 1.096 0.13 0.44 13.0
Tucumcari 2 0.97 0.12 0.43 0.920 0.11 0.64 16.0
Kelly --- 0.89 0.09 0.47 1.165 0.13 0.63 21.0

Early in the testing it was evident that several factors determine the slope
of the volume strain-suction relation (compressibility coefficient, 

~~~ 
The suc-

tion is a function of the soil particle characteristics (microscale) and their
arrangement (macroscale). Properties such as clay type and amount are microscale
characteristics , while density is a macroscale factor. The soils used in these
tests were originally under in-situ conditions of overburden load (o,,) and mois-
ture suction (h0). Upon removal during sampling , a~ was rel eased , allowing the
soil to rebound. This load would be transformed into work to alter the particle

arrangement, which would be resisted by adhesion of the water and clay particles .
An increase in moisture suction results . At the beginning of the test, each sam-
ple was loaded and at the same time pressurized and put in contact wi th water at
atmospheric pressure. Therefore, both load and suction were altered simu l tane-
ously. The response to suction was then measured as the chamber pressure was
reduced . The start point In each case varied as the properties of the undis-
turbed soil varied .

Several operationa l probl ems altered the analysis of the swell test data.
The cells used were calibrated to prov ide data for use in arriving at accurate
measurements of volume change and load . It was found that slight variations
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occurred between the load generated in the compensating piston and in the cell.
The result was a positive applied stress to the specimen. Although these loads

were small , they were considered in all computations . Criteria for the end of
swell at each stage of the test were set up like those for conventiona l swell
tests. Height changes less than 0.0001 inches in a day (— 24 hours ) were taken
as end of swell.

As the results were reviewed, it became apparent that the samples were not
reaching the equilibrium conditions determined in this way. Suction measurements
made after the tests revealed much higher levels of suction than the axis trans-
lation procedure indicated . It was necessary then to compute the compressibility
coefficient for each sample in these tests by using the before-and-after suction
measurements to arrive at values for the compressibility coefficient under vari-
ous loads. Table 8 shows the results of these tests.

Several facts about the nature of expansive soils became evident. The
sample-to-sample variation was high. Also both the initial density and moisture
condition varied considerably as demonstrated in the table. The magnitude of
these variations was greater than originally anticipated . In addition , a number
of these materials exhibited variations in the natural fabric or structure of
the soil. In the Holbrook , San Antoni o , Tucumcari , and DEW 2 soils, the vari-
ations were significant due to the presence of a ‘packeted” structure in the

materials. Each of the packets was apparently different from its neighbors .
The clearest conclusions to be drawn from these tests were that the material
varies greatly over short distances and that some measure of this variation is
needed.
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TABLE 8. SWELL TEST DATA

Fina l Initial Appl i ed Compressibility Initial
Test Sample Suction, Suction, Stress , Coefficient, Density ,

kPa kPa kPa 
~h 

g/cm 3

1 SAT 4 252.0 1,133 .7 23.2 0.0435 1.362
2 SAT 4 252.6 1 ,518.8 30.1 0.0101 1.437
3 SAT 9 229.4 1 ,100.3 1.0 0.0110* 1.291
4 SAT 6 148.1 802.6 3.7 0.0383 1.333
5 SAT 6 212.6 1 ,642.5 31.7 0.0108 1.218 

V

6 HOL 2 390.4 20,678.0 2.1 0.0137* 1.805
7 HOL 8 77.9 34,396.1 --- 0.0007 1.729
8 SOH 1-2 69.7 2,016.1 6.9 0.0055* 1.737

9 SAT 9 18.6 1 ,554.2 0.8 0.0219* 1.293 
V

10 HEN 4 24.7 2,585.3 4.1 0.0018 2.016
11 SAT 4 18.5 2,463.3 71.0 0.0065 1.402
12 SAT 6 52.8 1 ,796.8 2.1 0.0602 1.453
13 SOH 1-2 75.8 1,275.0 31.7 0.0306 1.701
14 HOL 8 75.4 11 ,053.7 3.3 0.0600 1.786

15 HOL 2 120.4 22,830.2 67.7 0.0218 1.883
16 HEN 7 201.6 6,018.8 3.7 0.0007 2.233
17 DEW 3— 1— 3 49.2 222.6 2.1 0.0171* 1.849
18 SAT 4 18.5 1 ,821.8 3.7 0.0157* 1.497
19 TUC 2-4 191.7 2,336.2 0.8 0.0183* 1.936 V

20 DEW 3-1-3 239.2 301 .7 71.0 0.0133 1.789
21 TUC 2-4 206.3 1 ,433.9 72.3 0.0168 1.793
22 DEW 2-2—3 82.9 140.0 2.1 0.1500 1.528
23 SOH 1-2 79.5 1,275.0 73.0 0.0060 1.587
24 DEW 2-2-3 95.4 445.2 31.3 0.0269 1.554

26 KAFB 69.4 246.3 72.3 0.0086 1.507
29 TUC 2-4 390.4 998.9 3.0 0.0705 1.878

*Poor contact load and sample.
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SECTION 5 -

CONCLUS IONS

INTRODUCTION
The objective of this study was to investigate various methods of assessing

the swell potential of soils. These methods can be used in preliminary i nves-
tigations to determine whether soils present sufficient potential for damage to
requ ire special precautions. Soi l responds to load and suction changes by volu-
metric expansion or contraction. The nature of the response depends on the com-
position of the soil (clay type, amount , density ) and the nature of the initia l
and fina l moisture and load conditions. These aspects of the problem must be
quantified for purposes of evaluation. Two composition characteristics are ne-
cessary: the compressibilities due to suction and to load . These together wi th
the env i ronmental characteristics of load and suction change are required .

COMPRESSIBILITY DUE TO SUCTION , 1h
The composition characteristics identified above determine the response of

soils to unit changes of load and suction. These response characteristics have

been referred to as and 1h respectively. Several measures of these compressi-
bilities have been proposed for use in eng ineering evaluations of expansive soils.
Conclusions regard i ng their use follow .

The compressibility coefficient , 
~h’ 

may be determined directly from the
COLE test. The beginning condition is always one-third atmosphere or 2.53 pF. A
point at which volume change ceases must be selected . On the basis of clod tests
in this study, that point was found to lie between 5 and 6 pF. Thus if COLE re-
sults are available , 1h may be calculated ,

1h 
= - 

COLE 
= 0.337 COLE( for h~ = 5.5 pF) (27)

log

The current classification system used by the Soil Conservation Service in
Soil Survey Reports is shown in Table 9.

These categories were developed through correlation wi th the classification
data used in the Building Research Advisory Board (BRAB) criteria for residential
slab on ground construction. It seems appropriate to caution users in extrapola-
ting such a categorization from residential slabs to airport pavements . Further
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TABLE 9. SOIL CLASSIFICATIONS FROM COLE TESTS

SCS Ratings COLE Compressibility 
~h 

(h1 = 5.5 pF) Probability

Very Low 0.01 < 0.0034 0.059
Low 0.01 - 0.03 0.0034 - 0.0101 0.176

Moderate 0.03 - 0.06 0.0101 - 0.0202 0.176
High 0.06 - 0.10 0.0202 - 0.0336 0.529

Very High > 0.10 > 0.0336 0.059

consideration of this aspect is presented later. The last column provides the
probability density function for soils used in this study . This indicates that a
full range of soils are represented , but most fall in the high category.

The time required to perform the COLE test makes it an unattractive tool for
routine engineering use. A modified version of this test was also evaluated . Clods
were removed at natura l moisture and permitted to attain a variety of water con-
tents. Suction was measured first by the filter paper technique. Then bulk den-
sity was measured by the COLE procedures . These data were plotted and are shown
in Appendix B. Compressibi lities were determined from the summary curves shown
in Figure 24. These are plotted versus compressibilities determined from COLE
in Figure 25.

The most important fact suggested by this comparison is the apparent reduc-

tion in compressibility in the COLE test. This reduction is the result of the
sequence used in the test. Clods are coated at the natura l moisture condition
and then allowed to take on water. In the clod test, samples were allowed to

change moisture withou t restriction , i.e., no coating . The restricting effect

of plastic coatings on clods has previously been noted by Tunny (Ref. 48). The

two samples above the line of equality were of very low natura l suctions (DEW
2-2 and 3-1). Those farthest below the line had the highest natural suctions .

In an attempt to quantify the reduction of swell by the coating, probability

distributions were calculated for 
~h 

derived from COLE tests, clod tests and

loaded swell tests. (In Figure 26, it is clear that the coating in the COLE test

reduces the compressibility coefficient by about half the reduction due to load

in the swell tests.) The mean load for the swell tests included was 3.0 psi

(20.7 kPa). The probability distributions were used in this calculation because

the sample-to-sample variation distorted the relationships.
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From these results it is clear that the plastic coating restricts the volume
change of the samples during the test. The amount seems to be equivalent to about
1.5 psi (10.3 kPa). Since this study is of soils beneath pavement structures , it
is reasonable to assume that the minimum load of the overlying pavement will al-
ways be present. Therefore the COLE test better duplicates the in situ boundary
conditions , although the free swel l of the clod is a better representation of

~‘e~iera l soil response characteristics.
Two other simpler evaluation techni ques were also studied . These were (1)

the clay content, through correlation wi th COLE values , and (2) the moisture suc-
tion relation. Equations for computing 

~h 
from clay content were presented

earlier. By use of these three equations , values of 
~h were computed . These

values are compared wi th those derived from COLE tests in Figure 27. Shaded
points show the restricting influence of aggregation on some samples.

When a modified prediction equation

= 0.00057(C) + 0.0139 (28)

where
= compressibility coefficient

C = clay content, % < 2 ~xm
is used , 95 percent of a l l  data are equal to or less than the predicted value.
It seems appropriate to use this equation to make predictions for those samples
that do not show aggregation. The normal equation

= 0.00057(C) - 0.0057 (29)

seems appropriate for aggregated soils. The detection of aggregation requires
the development of moisture suction data by use of the wide range method.

The relationship between moisture and suction in soils has been the subject
of conti nu ing interest for many years . Correlations between this relationship
and other properties have been demonstrated in the technical literature (Refs.

38, 39, 40, 41 , 42). The difficulty of making suction measurements has prevented

the use of such relations in practical work. In this study the filter paper tech-
nique was used to obtain these relations. Due to its low cost and simplicity ,

this technique has great potential for use in routine engineering work. Therefore,

correlation of moisture-suction characteristics with compressibility was studied .

Figure 28 illustrates the slope of the moisture-suction relation versus compressi-

bility data. The samples exhibiting strong indication of aggregation are dark.
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The effect of aggregation was questionable or non-existent in the other samples .
The detection of aggregation is possible with the filter paper technique. On the
basis of this da ta , Table 10 was prepared to illustrate the categorization of
swell potential by means of the slope of the moisture -suction relationship.

Compressibility as a result of change in suction is a fundamental soil char-
acter is t ic  necessary to the assessment of swel l potential. The amount of poten-
tial may be inferred from clay content or from the slope of the moisture-suction
relation for the soil. These ‘elations are empirical , and more data should be
sought to reinforce the models proposed .

COMPRESSIBILITY DUE TO LOAD
The second feature necessary for the characterization of a soil is its re-

sponse to load . Previous work has demonstrated that is reduced as applied
stress is increased (Ref. 14, 18). In this study it was decided to reduce 

~h 
to

account for applied stress rather than to introduce another compressibility , 10~
as presented prev iously (Ref. 27). The reason for this decision was twofold.
First , the concept of a reduction in response due to the presence of applied stress
is a reasonable , easily understood way to visualize the behavior. Second , as it
changes , the load i nduces changes in suction as a result of the particles bei ng
rearranged . The theoretical handling of this interaction is difficult , except
for very small volume changes . Figure 29 illustrates Compton ’s data (Ref. 14).

The compressibility , 
~h’ 

was calculated for each test and is shown in Fig-
ure 30. Note, that the linear decline in does not go much farther. The swell
pressure = 0) is at about 230 kPa (— 35 psi). it appears that in the range
of loads for pavements , the compressibility may be linearly related to applied
stress.

Figure 31 shows data from the various procedures used in this study. The
dashed line goes through the means of the majority of the data . The three high
points were not inc l uded. The very inactive materials also were not included .
The scatter of these material property data is a good indicator of the sample-
to-sample variation for the materials used in this study. The relation defined
previously is also shown. The indication here is that load is more effective in
reducing the activity of remolded soils as compared to undisturbed material .

A search was made to determine whether this behavior had been modeled before
in the technical literature. Data were found that involved swell under variable
loads , controlled strain and the data previously illustrated . If the data are
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TABLE 10. CATEGORIES OF SWELL POTENTIAL FROM
MCASTURE-SUCTION DATA

Compressibility Slope of h-w
Category Coefficient, (log h 1 - log h2\ P(x)

w - w
1 2

Very Low < 0.0034 > 30
Low 0.0034 - 0.0101 30-23 0.188

Moderate 0.0101 - 0.0202 23-14 0.063 V

High 0.0202 - 0.0336 14-10.5 0.438 
V

Very High  > 0.0336 < 10.5 0.313

4~~~~~~;;~~~~~~~~~~
\

V
_

102 l0~ 10”

SUCTION , G/CM2

FIGURE 29. COMPTON’S SWELL DATA
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normalized and plotted as in Figure 32*, a single relationship will express the

effects of applied stress on swellin g behavior. It should also be noted that
this relationship is identical to that originally presented by McDowel l (Ref. 50)
and used in the potential vertical rise (PVR) procedure , when these data are
normalized . In order to make this method adaptable to computer methods , the data
were fitted by use of a polynomial regression program. The resulting equations

were of the form :
y = ax + bx 2 + cx’ + dx ” + ex 5 + fx 6 V

where
y = S0/SQ 

= percent of free swell
S~ = swell under the appl ied stress , a
S0 = swell under no load
x = (1 - a/o

s
) = percent swell pressure removed

app lied stress
= applied stress for zero swell

*Figure 32, p. 62 , contains Reference 49.
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The coefficients found for a 4th and 6th degree polynomial are shown below,
as well as the correlation coefficient for the data .

Coefficient 4th Degree 6th Degree
a -0.0812 0.07148

• b 2.4794 2.7937

c -6.3843 -18.304
d 4.9861 49.137

e --- -57.664
f --- 24.96582
R 2 0.970 0.981

In order to use this model , one must estimate the swell pressure of the
natural soil. Probably the most readily available method is the PVC meter de-
veloped by the Federal Housing Administration (Ref. 51). With this estimate,
a reasonable method of prediction could~ then be provided for use in evaluating
soil s. V

ENV IRONMENTAL CHARACTERISTICS
The environmenta l characteristics needed for expansive soil study are the

initial and fina l suction and app lied soil l oad . Once these data are available ,
the evaluation of differential heave is possible. Initial suctions may be ob-
ta m ed through the filter paper technique (Ref. 32) or the thermocouple psy-
chrometer method (Ref. 2). The distribution of initial suction of soils is de-
pendent on the environment in which the soil exists. This includes rai nfall ,
dra i nage , ground water table , and potential evapotranspiration . In this study ,
initial suctions varied from 2.65 pF (43.8 kPa) to 4.6 pF (3904.0 kPa). The
WES study reported initial values between 2.50 pF (31 kPa) and 4.48 pF
(2961.48 kpa). These data indicate that initial suction values cover the full
range expected for in situ soils in the active zone. Here the active zone is
the soil tha t interacts wi th the environment. The initial suction should be
measured rather than estimated . This is especially the case since the filter
paper technique is available.

Final suction values are needed in order to compute the change expected
for the soil. Several comprehensive studies of fina l moisture conditions are
in the technical literature . This question will be stud ied in detail in the
next phase of work. Since this portion is concerned wi th categorization of
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soils to identify potentia lly expansive soils , the final suction will be as-

sumed to be 2.5 pF (31 kPa). The clods in this study appeared to cease volume

change at this point. Thi s figure also corresponds to the field capacity con-

cept used in agriculture , i.e., the point at which moisture will begin to run

off rather than soak into the soil.
The load changes associated with construction of airport pavements should

be determined or estimated (for initial evaluation). The testing involved in

this study was i ntended to consider the range of loads associated with the

pavement itself and not the effects of large fills or cuts .
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SECTION 6

RECOMMENDATIONS

COMPRESSIBILITY COEFFICIENT , 1h
The fundamental element in characterizing expansive soils is the response to

changes of suction , It may be estimated by several methods , three of, which
are outl ined below .

(1) Method 1 - Natural clods (50 to 200 g) can be obtained from the field
site and placed in moisture cans with filter paper to determine the initial suc-
tion . After equilibration , the clod is removed and coated with plastic , to de-
termine bulk density . It is then oven dried and the dry bulk density determined.
The compressibility coefficient , 

~h’ 
is determined :

l[~d 1

~lYnat
1h tiI nat1og~31 010 5 kPa

where -

= compressibility coefficient
= bulk density oven dry

1nat = bulk density at natura l conditions
h at 

= natural moisture suction , kPa

This assumed volume change ceases at 5.5 pF (31 ,010.5 kPa).
Examp le:

hnat = 435.02 kPa

~nat 
= 1.605 g/cc
= 1.817 g/cc

1 [(l.8l7\ 11
- ~L~i.6o51 - -~ = 0 “24— 

/ hI nat
kPa

Thi s value can then be converted to an actual estimate by reducing it ac-

cording to the model in Figure 32. If a swell pressure test is performed, the
polynomina l model may be used for the load correction. Total testing time for

this type of analysis Is estimated to be about two weeks.
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The sampling should inc lude a minimum of 5 samples to a maximum of 10 sam-
ples . Data scatter is expected . The natural variations are the important consid-
erations. Samples should be taken throughout the site in groups, and each group
should cover a linear distance of about 25 feet at intervals of 4 to 5 feet. An
estimate of the differential swell can be obtained by computing the estimated
swell of each group of samples and finding the differences . Estimated swell is
found as follows :

i=d hf1~H =  z ( Yh) log~~—
i=o i i

where
AH = surface heave
d = depth of active zone

(Yh
’
) = compressibility coefficient for the ~

th l ayer
= initial suction , kPa , of the ~th layer

hf = final value of suction , here assumed to be 31 kPa

There is at this time no field data to evaluate this procedure . Phase 3
should provide some data for use in evaluating this technique. The best ev i-

dence for use presently is the BRAB criteria presented before. The ratings are

as follows :
Damaqe Potential

Very Low < 0.0034
Low 0.0034 - 0.0101

Moderate 0.0101 - 0.0202
High 0.0202 - 0.0336

Very High > 0.0336

These categories represent experience wi th residential slab foundations.

Damage in these structures is the result of either edge heave or shrinkage as

the result of the effects of env i ronmental interaction . While such damage oc-

curs where pavement edges are not protected, it is not the design problem of

principle concern for airport pavements. The heterogeneous nature of expansive

soil formations (the gilgai pattern) will cause differential heave in the mate-
rial even when all of it is isolated from atmospheric influences . This differ-
ential heave must be estimated and provided for in the pavement design . Thus,
the above cr iter ia are somewhat conserva tive , since they were set with use in
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airport pavement structures in mind. However, any subgrade soil reflecting a high
or very high rating should be analyzed to evaluate the heave magnitudes expected.
The effect of these movements on the structure would then have to be evaluated .

Caution should be exercised in applying this procedure to soils that are
very dry (i.e., hnat > 4.0 pF , 980 kPa). In such cases the natural suction is
close to the end point of volumetric activity . It was assumed for this procedure
that volume change stopped at 5.5 pF (31,010.5 kPa). The values actually measured
in this testing program ranged from 5 to 6 pF for the clay soils. As the natural
suction increases, the effect of an error in this assumption becomes more signifi-
cant. This error could be corrected by performing the test on clods to which water
had been added.

(2) Method 2 - The second method is based on the correlation of COLE and
clay content. Two equations were developed :

= 0.00179(C) - 0.041

and
= 0.00057(C) - 0.00057

where

1h = compressibility coefficient
C = percent < 2 jim (ASTM D422)

The first equation was developed from data where 40 < C < 70 percent and
evidence of high activity in the form of fissures , slickensides , etc. appears .
The second equation is valid for other clay soils , 25 < C < 70 not exhibiting

this evidence of high activity . Refer to method 1 for the other details.
(3) Method 3 - The suction-moisture relation has been shown to be a funda-

mental characteristic of soils. The slope of this relationship can be determined
by using natural soil clods. The samples are either dried slightly or wetted

slightl y to achieve a variety of moisture contents, and the suction is measured
using the fil ter paper technique. A line should be constructed from two lines
enclosing the data points as shown in the Appendix. The following categories
may then be used for classification (based on Figure 28).
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Slope of h-w

(log h 1 - log h2
\ 

w 1 - w 2Category 
___________________

Very Low 
V ~~ 32

Low 22-32
Moderate 14-22

High 10-14

Very High ~ 10

Another alternative is to selec t the ~ 
directly from Figure 28 by using

the slope of the suction-moisture relation. Once this relation is obtained,
the procedures under method 1 may be followed .

INITIAL SUCTION, h
~

The wide range or filter paper method of measuring suction appears to be a
sorely needed breakthrough if suction is to be used in evaluating expansive soil.
The equipment required is i nexpensive and easy to use. The data agree wi th data
on similar samples obtained wi th the thermocouple psychrometer. This instrument
has been extensively used by the U.S. Army Waterways Experiment Station and is
currently being implemented by the Federal Highway Administration. Therefore,
it is assumed that correlation with the psychrometer is a good indication of re-
liability in the procedure.

Ini tial suction values should be determined by use of the filter paper
technique. The profile should be developed as shown in Figure 33. Ideally a
study involving several measurements should be made in order to identify the
depth of seasonal activity . The dashed line illustrates the assumed final suc-
tIon discussed above (i.e., 2.5 pF or 31 kPa). Clearly in the case of the
other sample, this assumption does not seem justified ; as the material is very
dry at depths of 12 feet. Specific procedures for handling this assumption
must be made for each site. This procedure will depend on the conditions at
the site and the experience in testing the soil Involved . The final suction
will also be controlled by the drainage of surface water from the site. Proper

evaluation and design of these appurtenances cannot be overemphasized .
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SU*IARY
The compressibility coefficient , 1h’ for changes in suction is a fundamental

property of the material. It can be shown to relate to the volumetric activity
of a soil. It is a good indicator of potential swell. Actual swell is a func-
tion of other soil and environmental factors. Figure 34 illustrates the design
procedure previously recommended (Ref. 1). It has been modified to reflect the
use of as an indicator of soi l swell potential. Three methods are discussed
for arriving at values for

In order to relate compressibility to other soil property measurements, a
study of the data in this work was made along with the Unified Soil Classifica-
tions. Probability versus compressibility are shown in Figure 35 for the soils
stud i ed. It is clear that the Unified System does an excellent job of separating
the low and medium category soils from those in the high category. The extent of
movements to be expected depends on the climatic conditions . However, for low and
medium soils (CL) minima l problems should occur , unless the material is subjected

to severe climatic conditions.

The designation of a soil as a CH category material in the Unified System
clearly indicates a high compressibi lity coefficient. For CH soils special design
studies are warranted. It should be a sign to airport planners and developers that
additional funds must be provided for soil exploration , testing , pavement and

foundation design.
The next phase of this research will be concerned with the swel l evalua-

tion and heave prediction required for this design procedure. The third phase

will address the matter of structural analysis , set tolerable heave levels ,

and determine stabilization requirements.
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APPENDIX A
TEST PROCEDURES

WIDE RANGE GRAVIMETRIC METHOD FOR MEASURING MOISTURE STRESS
The following description was obtained from the original published pro-

cedure prepared by McQueen and Miller. This procedure was followed in all
respects except the temperature control requirements. This exception was
made in order to make application to routine use by engineering soils labora-
tories. The following material is presented by permission of the copyright
holder. References in this material are McQueen ’s and Miller ’s and are
listed in their text, p. 231. These references do not appear in the main
Reference List of this report.
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CALIBRATION AND E VA LUAT Io N OF A ~VIDE- 1(AN GE
GR AV IMETRIC MET h OD FOR MEASUR ING

MOISTURE STRESS

tHI ~.l. ~~ . McQUEEN ~~u RE UBEN F. M1LLEI {
U. S. Geolugu ol ~~~rV (-y ,  1) enver

I t ,V ~~a e l  or p i t o iVon .ianu z.- 31 ,

lN1uoDu CV l IoN ~-etis or without a hygroscopie salt and probably
the only previous use in the United States wasTIle ~olI-lnoisture research staff of the Soil -

m d  Moisture Conservation Program , Water ,V t li o l. t c u l  }m ~r Gardner (2) .

Resources Division , U. S. Geolog ical Survey METHOD
recognized a need for a wide-range method for The basic concept of using filter pape r as a
measuring moisture stress in soils while con- - -

dueting studies on the moisture requi fements passIve grav imetric moisture stress sensor as

of arid land plants in the western United States . proposed by Gardner has been followed by the
authors but details of the method have been

The standard or popular methods for measuring changed to elimin ate some hazards and diffi-
moisture stress either did not cover the range of eulties , and to adapt it to use with routine.tress values expected on arid lands or they V

~~~r av mtn etric soil moisture sampling programs.
were not adaptable to use on field samples. .1pparatus and Supplies. In addition to the

Various methods, described in tile literature , V

‘~ere examined to determine if they could be 
equIpment required for routine gravimetr ic soil
moisture tests , the following are needed : (a)

used for arid lands research. A method pro- In analytic a l balance accurate to OA)002 gm.;
posed liv Robert Gardner about 1936, using (b ) small lightweig ht weighing boxes such as
tilter papers as indirect moi sture stress sen- Soilt e xt Catalog No. LT-15; (c) constant
sors was investigated , modified , and eventual l y temperature chamber (20 C) ; (d) filter paper—
adopted . Schleicher and Schuell No. 589 White Ribbon ,

3½ cm dia. circles was used in this study. (Other
HISTORY erades of paper may require calibration) ;

The use of paper as a moisture stress sensor (e~ pentach loropheno l “Dowcide-7” reagent
h a s  graduall y evolved in Europe and the grade or equivalent if obtainable; (f) ethanol
United States. Hansen (5) working at the Uni - or nwt }ma no l reagent grade solvent; (g) plastic
~er .tty of Copenhaaen used blotting paper as a u-I ectric al tape to seal soil moisture cans.
carrier for sugar solutions . Blotting paper strips , I’roeedure. (a) Filter paper discs, (d) above,
~atura ted with four different concentrations of al e  pretreated to inhibit biological decomposi-
-~iIga r solutions , were exposed to soil samples in t ion by dipp ing them into a solution of penta-
CloSed chambers. The sugar solution that did eblorophenol in ethanol and allowing to air dry .
not lose or gain weight was assumed to repre- l-x t eTi ’~ive tests have shown that a 2 per cent
,ent t h e  stress level in the sample . Stoker (13) ~i 1iitio n will leave sufficient protection on the
ti-o ’uI simil ar procedure with a larger numbe r discs for two or three weeks. The pentachloro—
,‘f sugar sol ii tmn concent r ation s for better ,ac- phi-fbi is insoluble in water so reagent grade
cti r i cv . Gra dman (4 ) improved the method by solvent mu st he used. Methanol may be satis-
Usi n g a single strip of blotting paper soaked in factory but it is more dangerous if accidentally

salt solution and ther calibrated for weight ingested. Pcnt ’i is nonhvgrosc’opic and we have
‘ersits stress . These sen sors were enclosed with been unable to detect any differences in mois-
~oil samples until complete equilibrium was tur e retention characteristics due to concen-
reached . This method with some minor refine- tr ;t t i on of the solution used so we are using a
ili ents has been used in France by Eckhnrdt per cent solution to insure protection of sam-

11~ iilcs that may be processed later than scheduled .
The fir st use of pape r a~ -i moisture stress (M One treated filter paper disc is placed in

225
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22u ~ICQUEEN AND MILLER

the top of each gravi inetr ic soil—moisture sam— c i i  be obtained 1) 1-fole the papers can adsorb a
pie when it is obtained in the field and the ~veighabIe quantity of moisture.
container is sealed with plastic insulating tape The moisture stress in the soil sample may
(item g above). It is suggested that the soil- lie coniptitcd from the moisture content of the
moisture sample should fill at least a 4-ounce ti l l er ptper or it may be obtained from a plot of
sample can , especially if the sample consists of t h e  ca l ib ra t io n rel ationship.
coarse sand with a small surface area . At field

V capacity the filter paper will absorb about 0.1 CA L I B I tAILO ~
gm. of water and if there are only about 5 or 6 I h e  l i l ie r  p.mpt ~rs were calibrated under con-
gins, of water in the sample this could change ih i t ions and procedures tha t were as much as
t he measured stress. j )os~l hmIe like those that exist during normal use

(c) The samples are transported to a lab- of the method. However, additional conditions
oratory and allowed to equilibrate in a con- ; im d procedures were investigated to help define
~t ant temperature chamber at 20 ± 1°C for at l imits  of accuracy and time requirements for
least one week. Moist samples should be trans- -qu i l ihr iunt .
ported with care . A sample with a low stress V

m a y  change its stress value without a change iii ~
‘ ~ hi ih stress

moisture content by simp ly rearranging its pore F or C L & C ~~ levels above 15 bars, filter papers
sues and shapes. A few miles on a rough road is net -c exposed to saturated salt solutions in
ill it takes . ~-l~~ed containers in a constant temperature

(d) After equilIbration tile filter paper is re- cliani}ii ’r . Periodic weighings were made of both
moved from the soil sample can, placed in an i i i i t i ~lhv wet and initially dry papers to define
aluminum weighing box (item b above) and its he t ime required for equilibrium and to deter-
moisture content is accuratel y deterrnin&. The nin e equilibrium moisture contents. Technical
soil sample should be treated as a routine soil- data for t h i s  phase of the calibration are given
moisture conten t sample after the filter .paper in table 1.
s removed . Results agree with the corresponding portion

In order to determine the moi5ture content of ~i Gardner ’s calibration curve for which he
t h e  filter papers accurately, some departures xposed the papers to sulfuric acid solutions in
trom normal laboratory procedu res have been V V I a e t z a t e d  ehn:nbvris 4tv-iihm hle data utir relative
used. Tra nsference of the fil ter papers from the luini iditv above saturated salt solutions do not
~oil-sample containers to the small aluminum agree l im it  the range of disagreement shown in
weighing boxes must be done as rapidl y as ihie 1 i~ small .
possible and with as little contact of the paper , -

with hands and tools as possible. If there are 10m PliC(l1 14114 str ess

..ind grains clinging to the pape r they should l~
V ( Ii V ~ ttV e~~~ levels from one bar to fifteen bars ,

Ix’ quickly flipped off . The wet weight of tb mnp ics of severa l soils were broug ht to given
paper should be obtained immediately because ~tr es~ levels on a pressure membrane extractor
evaporation is rapid in dry laboratory air. The tiii  m i :en sealed in cans with wet and/or dry
treigbi n~ boxes are placed in the oven with their fil ler papers. For points below one bar st ress,
lids partl y open to permit rapid drying. Dry ing ~‘ih samples were brought to given stress on a
time is norm ally overnight , but it can be short- pressure plate a ssembly and then sealed in
‘ned to two hours if necessary. The lids of the c-ins with wet and/or dry filter papers. All

\ ‘ - m- Vzhli ng ls -v~ Ir e closed w hile th e sV 1 inp i V ~ ca libration samples were held in a constant
IV I~ s t i l l  i i i  t im e oven - Upon temova I from It ’ I etnp ei-at tire ch am ber at 20°C for equilibration .

in en the boxes a t e  placed on a heavy aluminum ~‘s sunin iary of calibration data for stress
plate for ~0 seconds to cool m d  then they are l r ’twCen 0.1 and 15 bit es is given in table 2 .
iveig ’ I mniined,at e lv . Previou s experience in our The procedure for routine use of filter papers

ihn rminrv mis proved that  desiccators are a I ’ m  ile~enn ine the stress in moisture samples
-.°t r ’° ’ of r rya r i t t  oven dry weighin gs , ~o ~~ ‘ii elves use of initially dry pa pers so only the

• ‘i w “ em The lm ~ht weight weighing boxes , l u t .t for i i i i t i ah l v  dry papers was used for the
-t - ~ ~ C ~lfl ~ i-r’nd, and t ime weiflm t l . V m l t b t V m j r m  Cu rve AlSO , VSOinC data obtained
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TAIII.l; t

‘.‘alibrat,ou doUr for stres s levels corarolied by saturaicd salt sot m,lusns in a cons b a t  temperature chamber
Salt va iSsO, ~‘hsSO4 CaSOs
Relative vapor pressure o.5  0.93 0_osLog ol st ress i~ S c~ SBl 4.44
Stress ia bars . 333 97.9 27.25
Siolitiate Cooled At II A ii A B

Time Odays 22.79 3.50 21 .95 3.50 22.04 3.61
7 days 10.64 8.01 17.84 16.36 23.70 22.71

14 days 10.54 7.90 17.90 16.35 24.05 23.10
28 days 10.42 7.9(1 17.93 16.39 24.12 23.93
76 days 10.30 8.04 17.79 16.58 25 .21 26.10

• l’ubliahcd values do not agree . 1)at~ given are from report by O’Brien (7). Corresponding values
computed from Internatio na l Critical Tables (Washburn 1141) are : 0.708, 0.94, and 0.98. The range of
disagreement is .mmall .

t ~~~ papers were premnoistened by exposing over distilled water for two days prior t.o start of test.
W’ papers were started in air-d ry condition.

tinder ~-ary ing conditions to define limits of TABLE 2
accuracy are not, included in the calibration Sun&utary 0/ calibration data from samples preparsd

l i t -u on press ure membrane extractor (N) and
pressere plate assembly (P)For low stress —~~~ — ____________________________

Strtss Moisture ii Paper inUahi bra tiu i i  for stress levels below 0.2 bars Stress onlrol° Per CentBar s) APParatus (~“•~ s... c..sst.~was determ ined from field samples obtained at - - ______— _______________________-

known heights above a water table. A sam- j~ M ~~ 27.89 28.62k
pling program conducted in conjunction with a 10 M •i 29.76 30.95
study of water use by phreatophytes on time .1 M 12 33.90 35.12
Oils Riv er in Arizona provided data for cahibra- 2 M 12 41.45 40.62
t iomi . Eighteen profiles were sampled to the I M & P 1* 43.29 44 .79
water t able. Moisture stress in centimeters of ~~ P S 49.12 48.95
water was determined from a tentative cab- 0.3 P :t 52.21 52 .62

0.2 1’ t~ 58.17 58.1fl[ rati on curve, and tIme stress plotted against 0.1  P 4 88.33 87 .48fldepth of sample below land surface in centi- 
- — __________________________________

tneters . Portions of several of these profiles ~ See Richards (10) page 109.
could be represented by straight lines with t M (3.238 — logi. Si) ÷ 0.0723.
simila r slopes. The tentative calibration curve U M h9.8966 — 10) — log1. Sal + 0.01206.
was adjusted to make the slopes of these lines * Several samples rejected because of leakage in
:mppro ach a 1:1 relationship. The depths of ~~~~~~ plate .
the zero stress intercepts of these lines were
compared with known depths to water and they and
were found to be in agreement. The adjusted
calibration curve agreed with the data obtained “~ ~~~ 

( . ~ 961~ — 10)
with tI me pressure pl :ite a ssembly at 0.1 and 0.2 

-- o.oio~~~~ (M > 54%)h are stress .

Calibration curves where S~ is stress in bars and M is the moisture
comit ent of the filter paper in per cent of dry

UI the calibration data were plotted on semi- mveig lmt.
log arit litn ic paper , and the best fit was found In order to avoid use of awkward negative
to lie two straight line segments that intersect cht arri cte r isti cs of logarithms the stress can be
i t  0.21 ba rs. Formulas for the lines are c~pressed in centimeters of water , or pF as

3.2380 — 0.0723M (M < 54%) rmmgges te d by Schofield (1935) .
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pF = Iog~~ = 624617 — 0.0723M (M < 54%) Figure 1 shows a comparison between the
calibration curve published by Gardner and

1SF = IOJr,.S = 2.8948 — 0.01025M (M > ~~~~ the curve obtained during this investigation.
Gardner said of his curve : “The upper portionDiscuasioN (low stress end) of the curve is no doubt some-

A detailed explanation of why there are two wh at above the true value, as only drying
calibration curves is not within the scope of papers were used.” This no doubt contributed
this paper but it will be discussed in a subee- to the differences. However, Gardner used a
quest paper. It may be noted however that cen t r i f u g e  for this portion of his curve and recent
the intersection at 0.21 bars is near the so- investigations on the effects of temperature on
cepted field capacity stress values of 0.1 to 0.3 centrifuge moisture tests (Prill and Johnson,
bars. Others have reported a break in conduc- 191) indicate that without temperature and
tivity and moisture retention curves at this h u m i d i t y  control the cent rifuge is not an ac-
stress level. W. H. Gardner (3) in discussing cura te moisture stress instrument. For the
capillary conductivity said that conductivity of h i gh stress - end of his curve Gardner exposed
soil becomes limiting at 0.15 to 02 bars. papers to sulfuric acid solutions in evacuated

This abrupt change in slope represents a chambers . The pressure plate and pressure
chan ge in energy level when gravity drainage is miuemh r ane extractor s that are currently used
re placed by other modes of moisture movement for m oisture stre ss measurement s were not
such as film flow and vapor diffusion. It may available to Gardner. These instruments, used
lie the change from capillary to pellicular in this investigation have permitted a more
moisture described by Rode (1 1). accurate calibration of this method .

Gor dnsr s Curvi ——
Ls~ $ ...24e17 —0 .0723M Vacuum Ossiccotor a

C.ntrif uq .
Sat~rots d Salt Solut ions +
P,sssu ,s N.mbro ne
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Hei~~t Above Wot•, Tob1~
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80 100 180
Noisturs Conts nt of Pil ts r Pops , (P.rc.nI of Dry *.lg ’mt )

Et c. I .  Suisimua ry of calibra tion data ~li~wi n g agreement b.-’twen four method . used in
I li i~s .lii i lv  iii i on,’ of th e two methods ~use.l by ( ,irdn ’-r .
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W hat the filter papcr mcasurcs iii n orn i t i  u~ u - , t a t  nx -m m-es~ m~ uuu ~-asu red a t
‘i’lme term “soil-moisture stress” or “moisture itch moisture coii t emm t s w l im k total soil moisture

tension ” 8omet mes means time total pressure stre ..~, is m easu red at low moisture contents ,
difference that a plant must overcome to cx- due to a lack of direc t cont act betwecn the soil
t ract moisture or it may mean vapor pressure i mi n o ’t , m i p  and t he paper.
deficit in the soil air , the capillary stress or -

some combination of stres s com ponents. Often ~‘ 51.1 .4TIO~

the  characteristics of time measuring system l- val u ati o im oI new quantitative methods for
determine what is meant by “moisture stress.” measuring a soil parameter usually involves
~n understanding of time basic principles of a ih i rect  eompIn ~i mis wi lt et.tablished or “stand-

mne mst mring system is essential for proper use and ir d ’~ uimi ’ l itod~. 1m m evaluating time use of filter
immterpr etation of data obtained. p ipe r m oisture stress sensors this was not

Moisture stress mar be defined as the dif- con- ’idemed expedient because the standard
Ierence in free energy between the water in t i i e th io t l ~ cover limited ranges of stress values,
t i me soil and a ~~~~~~~ of distilled water at the i- im m miot  be used in time same manner as the filter
same elevation and temperature. In a saturated j i:Ipc’i. and arc not directl y comparable. All
~oii mass, water movement occurs as liquid est abh ishme d methods available to our laboratory
flow through interstices in response to gravity, a crc used for cahilira tion am id , the refore , could
- a p ihhary stress or other force gradients . The mu ot be considered as independent eval uation

only stress component at saturation is the os- standard s. Data obtained with a new method,
m notmc potential due to dissolved sal ts. A piece u lieu eum-roborated by independent data, pro-
of filter paper placed in contact wi t h  a sat- - ides i i i  alt ernate mi m eans for evaluation. Some
orated ~~il ~ il l absorb the soil solut ion by -xam np li s chosen from data obtained with filter
capillary flow and will not measure the osmotic vipe r s!res~. sensor~ show that this method cart
potential. A piece of filter paper in a closed - -e .u~ accurate as a ny of the several established
container with the saturated soil lim it not in u m me t li o uls mmii  it is effective over the full range of
-mi mutac t  wit h it , wi ll adsorlu ui , i s t t i re  liv ~~p , i  -~u r e~~

diffusion only and it wi l l  then me:s.Imre t h u
,-~motic potential . ~ (mf l IS hIk t Pj

.~ s wat er s removed ir uu i i i  u i u i t i a h l ~ l ) u mr umug calibration of the filter ~apera it be—
~itur aw d ~otl mass tim e br w :iter  interfaces uni t - , - v u , h , m i  t h u  v .u r i . u I  ions in moisture contCfli~
become curved like the water  stmr face in a f soil pats prepared on the pressure plate or

.mpi i l ; t r v  tube .  Thu ra (h mu s of c tm I ~~t~ure~ s .1 fun c-  I m-esslire nue mhr ,u n e extractor as standards were
non of the matrix potential or capill ary stre.-~ I dc i i i  d i -  v a r i u t u u i s  i t  m umuost ur e  conteiits of

l i t  t i me  v .mpor pressure in the soil air is a fun c— i i t -c l .u l s - i ~ i -~ j su~ - l  i i i  lie , umc or
t oll iii time Wzi t r ~~ po t ent i a l  int l thu ,~ u s m u u u i I -  — i i  i u s i m r -  s . , m l m l d - s  This m i tui c~itcc l i h i u t  t ime in —

.k filter p ipe r in intimate contact i i  i ‘ t i i : i I - i l i ’  i i i  l i l t ,  r p ah u - r ~ is k-s i h : u m u
w i th  time soil mass will not measure the osmotic - I ,  s i  i i  ~h j t ~ ii  r,.I u l I i i l i u t I n iuth oils . It also
potenti al and one in a closed chamber with the m u - i l i t led sf:i mst t c . ml  cnunp arm san s w i t h  s t - i ,ds r i h
—o i l mass hut not in con tact iv it  im i t , wil l met sit re I u - i  n to defii~ - s i  rem I ‘m l i i  ~

• 
-

in suu mm o f t I m e mm ua tm - mx potent i i i  mud m i t e  — mIs , i i - Limi iit s of miulie re um t variabi l ity ma the use of
luotu imfial . f i l t e r  j u l f i e r  as mnois ture stress sensors can be

‘us the moisture content of a soil mass ms r t -  imu f e r icui  from d:i t: m obtained with the method.
ulu ced below fiel d capacity there is a reduction T i m :i profil e d el imit - i l l v  data points, any single
in hydraulic conductivity and a change iii the mu i m a~um r c m em it will include the actual value for
p i t  ten -i of forces retaining moisture. Time con- t i e  profile at that point plus or minus sampling
u-ave air-water interfaces are eliminated and j u l  measurement errors. Differences between
the remain imig moisture is bound to particle eu nt i m t gs mo ums points wi l l  include the change in
-t irf aces by molecular adhesion forces. Moisture profile values plus or minus the sampling and
movement into the filter pa per is primarily by itmea st mring errors . As the physical distance be-
vapor diffusion and the filter paper measures it t u-ci t  points is ‘lecreased by increasing the

it~ total stress i i u m m u u i w ’ r  I I  p o i i u l  .. t Ime rha ner  in profile vahies

- -.“ _ ____ ._~ p . _ . .  ._.~~~~~~~ S -_--,..-.i. —
~~~~
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luO tWet n pomist s is decreased i ntl the differences t im et h inds are corroborat ive. ‘I’he only dcviat .iamt
l etween contiguous points approach the varia- us the centrifuge method used by Gardner and
imml i t y due to errors in sarmupling and measure - lie recognized th a t  it could he in error.
mu t ent .  In a frequency distribution an:ulysis of
i -’-~ moi stu re stressu profiles, 50 per cent of the Use of m eth od
differences in moisture contents of filter pap ers t h u s  hIlt- i paper method has been used in
I torn contiguous samples were between —1 and severa l projects wit h differen t objectives. A
-r 1 per cent. From this we concluded that iii I t-icf description of ii few of them will illustrate
ti m e moisture stress range above one bar the i t s  v cm - s:t t i h i tv amid accuracy.

. u r i a lnhum y in results dime to tIme met hod is I ro lt — lii ~ study of hydrologic effects of water
- l i ly less tIta n 2 11cr ccitt of the moisture cmi- .~)rea (hin g iii Box Creek Basin, Wyoming by
u- m it value. II itj lu- v : m itl McQiieen (1961)’ it w:is used ~~u

At mnoistu i-e contents below field capacit y u- s t imu l ate  infiltratio n of water during flood flows.
~~tresses greater than 0.2 ba rs) moisture is h eld Tlie~e eu .timmu tcs compared favorably with in-
nit the su rfa ces of particles by elcctm-ost~it i c unul  (l ,iw-out flow u l i t a  on two fl oods and on a third
molecular adhesion forces and disturbance of flood time estimate was used because inflow-
t ime wun ple h a s  little or no effect omi the StresS u , t mtf l o a  records were unobtainable.
measurement. At moisture contem mt s above fiel d lit a ~,tuidy of plant communities and soil
capacity (stress hess tha n 02 bars ) the aml dm- immus i s t u r e re latmouislmips near Denver , Colorado
ttonal moisture is held within the semi pores lf r a , tst , i , \hilh ’r , :und McQu et’mi , 19651’ ai m e~-nd disturbance during samp limmg or transport t n t - j u d y  ~ao ,mv soil introduced variability in
titers the sha pe of the pores and their moia(uru - i I u u t~ t i i t u -  u ),mt ~~ ~~~~ t u ~~vcnted rational inter—

h olding capacity. The result is a cbange iii the lirt- t is t mn m u u nti l  m l was compared with moisture
-tresa level in time sample and an increas.’ j i m -tr e ss data obtaiuied with filter papers.

lie tot a l satia bility of measurements. l’hc- ulti nm at e soul moisture strese that a given
‘u .u rm a i i m li t at low stresses can be li m it ed i u ~ l uh un i  con u munm tv  can ind u ce is being deter—

- taumm itug relat ivel y nodmaturimed sa mples m m 1  u u m m m i u ,l li ’r s i - m u - r u  rangeland plant species in
lunit u ng time handling shocks t h e y  receive wh ile u — t e rm,  ~\ m u ’  u i .  - l’relimium m t:um -~- results indicate
t onC t m  uti.pt-ur te u-1 In  the I u hnt ~ito r -u - i - m m  t h i s  iu imum n. mt e  strcse or what the authors

ru - fu r to caD m u t i u stm ir e stress competence” for
- I ccii, -,,, i t t  -

~ fe rm i  a I -  - - i - . u ss (A qrnpy , u i ,  s,nith,~ ) us 32
— Fiu ~ u . u u i i ~ u:u i- - — f i t  ui r aiui v w i m h puuhl ~shcd‘ l i i - . u t ( l m t  I I %  iii it mu me ~m , t i r u u m e  ,-\ — t e t i ,  , ) uuu u h t i  t t i m e - — t i  i t  - t u t u i m  — f r , — —  l u s u l . u  f . m  gra~~ - —- e deu imueti i i i  termm m s u f  primary standards. Un — l’err ui r u -i a !u61 1

u r tum uatdv . t h ere ire m u o lur um n a r y sta im uh: t rui — li t - \Inui . t t i e  Si O s —  (‘t um impe t e nce for big
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The following are excerpts from the procedures used for COLE tests (Ref. 22).

BULK DENSITY
Density is defined as mass per unit volume . Soil density differs from most

density in that the mass of the liquid phase is excluded . Also , the volume over
which the weight is determined includes interparticle space. Because of these
irregularities , soil density has been called bulk density , Db, to distinguish it
from the more usua l density that is based on intrapartic le volume only. Further-
more, since the volume of a given mass of soil depnds on its water content, sub-
scripts are added to designate the moisture condition when the measurement was
made. Thus Dbm is the bulk density of a moist sample; Db113 is the bulk density
of a clod sample equilibrated at 1/3-bar tension; and Dbd is the bulk density of
a dry sample.

Saran-Coated Clods
Read £,t’t3
Methyl ethyl ketone.
Dow Saran F3lO*.~__The Saran resin dissolves readily in acetone or methyl

ethyl ketone. In this method methy l ethyl ketone is used as a solvent because it
is less soluble in water than is acetone and there is less penetration of the
Saran-solvent solution into a moist clod . Saran-solvent ratios of 1:4 to 1:8 are

used, depending on the porosity of the soil to be coated.
To mix the plastic solution , flU a weighed contai ner with solvent to about

three-fourths its volume . From the weight of the solvent , calculate the resin re-
quired to obtain a predetermined resin-solvent ratio and add to the solvent. Since

the solvent is flaninable and Its vapors form explosive mixtures wi th air , mix the
plastic with an air-powered or non-sparking electric stirrer under an exhaust

hood.’ If a high-speed stirrer is used, the resin dissolves in about 1 hour.
• 

- 
Metal cans (1 gal) are satisfactory containers for mixin g and storing the plas-

tic. Keep the containers tightly closed to prevent evaporation of the solvent.

Registered Trade~iark Dow Chemical Co.tm lnformation on the safe handling and use of methyl ethyl ketone i~ available in
Chemical Safety Data Sheet SD—83, Manufacturing Chemis ts ’ Associa tion , Inc .,
1825 Connecticut Avenue NW ., Washington , D.C.
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Pkocedwte
Col lect natural clods of about 50 to 200 cc. Chip a piece of soil larger

than the clod from the face of a sampling pit with a spade. From this piece re-

move a clod by gently cutting or breaking off protruding peaks and material

s”eared by the spade. If roots are present, they can be cut conveniently wi th

scissors. In some soils , clods can be removed directly from the face of a pit

wi th a knife or spatula. No procedure for taking clod samples fits all soils;

the procedure must be adjusted to meet the conditions in the field at the time

of sampl i ng.
Hold the separated clod by a thread or fine wire and Imerse it briefly in

the plastic solution. For convenience , either of two concentrations of plastic

solution is usually used—a 1:7 solution for the majority of soil samples or a
1:4 solution for clods that have large pores. Then suspend the ininersed clod

from a line to allow the coating to dry , usual ly IS to 30 mi nutes.
2 

If bulk den-

sity at field-moisture content is desired , store the clods in waterproof plastic

bags as soon as the coating dries since the coating is permeable to water vapor.

Although the coating keeps the clods intact , they may be crushed in transport

unless they are packed in rigid containers .
In the labora tory appl y additional coatings of plastic to make the clod

waterproof and to prevent its disruption during wetting . Then wei gh the clod ,

either in its natural moisture condition or in an adjusted moisture condition

(e.g., 1/3-bar tension ) in air and in water to obtain its volume by Archimedes ’

principle. Subsequent changes in moisture condition and volume of the soil sam-
ple can be followed by reweighing the coated clod in air and in water. Finally,

weigh the ovendry clod In air and ‘In water.
Be careful not to lose any soil material because the weight of material

lost is calculated as soil moisture , and calculated bulk densities depend on

the fina l ovendry weight of the clod .
Bulk-density values determined by this method are reported on the basis of

the fine—earth fabric. Determinations are made on clod samples that may contain

particles larger than 2 nm ; but after the measurement is made, the weight and

volume of the coarse fraction are subtracted . The remainder consists of the

2
Clods coated in this way can be transported to the laboratory and examined macro—

scopically in an undisturbed sta te .
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weight  of the <2-rn ma terial and the volume of these fine-earth particles and
the pore space associated with them.

Sometimes it is necessary to correct for weight and volume of the plastic
coating . The coating has a density of about 1.3 g per cubic centimeter and it
loses 10 to 20 percent of its airdry weight on ovendrying at 105° C. Thus , the
amount of correction becomes smaller as bulk density of the soil approaches den-
sity of the coating and as moisture content of the soil approaches the weight
loss of the coating .

Catcw.&vtLon4

The example given is for a clod equilibrated at 1/3—bar tension.

wt clodOd -- wt > 2 mm -- wt coatOd
= vo l clod1,3 -- vol > 2 mm -- vol coat

wt clod od -- wt > 2 mm -- wt coatOdDbod 
= vol clod od -- vol > 2 mm -- vol coat

- 

wt c lod 113 -- wt clod od -- (w t coa tad -- wt coatOd)
1/3 

- 

wt clodOd -- wt 2 mm -- wt coa tOd

where
0b1/3 is bulk density of <2-nm fabric at 1/3-bar tension in grams per cubic

centimeter
Dbod is bulk density of <2-rn fabric at ovendryness in grams per cubic

centimeter

~s water content of fine earth at 1/3-bar tension as weight percentage

wt clodod is weight of ovendry coated clod
wt clod 1,3 is weight of coated clod equilibrated at 1/3-bar tension

vo l clodod is volume of ovendry coated clod
vol c lod113 is volume of coated clod equilibrated at 1/3-bar tension
vol > 2 nm is volume of material > 2 rn separated from clod after ovendrying

wt > 2 mm is weight of material > 2 m separated from clod after ovendrying

wt coatad is weight of Saran coating before oven drying

wt coatod is weight of Saran coating after oven drying
vol coat is volume of Saran coating (estima ted).

It is not always necessary to correc t for the weight and volume of the
Saran coating.
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Linear Extensibility (LE)
Linear extensibility is a measure of the change in clod dimension on going

from a dry to a moist state. It has also been expressed as COLE (coefficient of
linear extensibility). COLE = LE 100.

r L - L
LE (pct.) = 100 1 L 

d

L d
where

= length of clod , dry
= leng th of same clod , moist

Airdry or Ovendry to 30 cm, 1/3-Bar or 1/10-Bar Tension
Linear extensibility can be estimated from laboratory bulk-density data and

the coarse-fragment conversion factor (Cm).

/ 1 ~1/3LE (pct.) = 100 (
~ Db -

+ (1 - Cm))d

where
c - Vol moist < 2-mm fabricm - Vol whole soi l

Dbm = bulk density of the fine-earth fabric at 30 cm , 1/3 bar , or 1/10 bar
Dbd = bulk density of the fine-earth fabric at oven- or air-dryness

If there is no coarse material , Cm = 1 and the equation reduces to

Db 1/3

LE (pct.) = 
l0O[(~~~
) 

-

LE calculated for the fine-earth fabric alone can be referred to as LEf (or
COLEf).

CLOD TESTS
These tests consisted of obtaining clods of the natural soil (about 10).

Several were dried in the laboratory for varying periods. Small quantities of
water were added to several of the clods. A filter paper was placed in the mois-

f ture can whi ch was then sealed and p laced in an insulated chest for seven days.
At the end of seven days, the filter paper was removed and weighed to determine
suction . The clods were coated wi th plastic and weighed in air and water to

- ! 
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determine bulk density . They were then oven dried , and the bulk density again
determined. Data obtained included water content, suction , density and change
of density on oven drying .

R5

S -~~~~~~~~
- -
- 
— 

~~~~~~~~~~~~~~~~~~~~~~~



--- -~~~- - - -  - -  -- - - -

~~~~~

APPENDIX B
SOILS DATA

Soil samples were obtained from eight different sites in the United States.
A variety of materials were intentionally included in the testing program. The
sites are as follows :

Site Location Symbol Remarks
Ellsworth , Ks ELL Highway Site

- 

Hennessy, Ok HEN Highway Site
Holbrook , Az HOL Highway Site
Irving , Ix DFW Airport Site
Kelly AFB , Tx KAFB Airport Site
Moquino, NM SOH Building Site
San Antonio , Ix SAT Highway Site
Tucumcar i , NM TUC Highway Site

As shown in Figure B-l , most materials classified as CH or CL soils in the
Unified System. On the basis of the USDA textua~ classification , a wider variety
is evident in Figure B-2.

The following pages provide classification data, natural conditions , COLE ,
moisture-suction data and strain-suction data .
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SITE E11sworth~ Kansas

US STANDARD SIEVES

WET MECHANICAL ANALYSIS

J4 SIEVE NUMBER
16 30 50 80 740

10 20 40 60 100 200 
______ _____10 

~~~~~~~~~— :  100
— - -~~~~~~~~~ -u ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I — — — — —  h
~~~~

. _ _ _
~~~~~

ui
~~~_ii1: 

_ _ _  _ _— — — - —

80

— — - — -. - - - —  .
~~~~~ .. 

_ _7 — — — — —  — • — — ç — — — —  70
— — - — -  — — -~~~~ - — —  ___ 

. . -~~~~~~ — __

61 — — —— —  — - —— —- — —  ___ —
~~~~~~~~ 60

— - - - - — — -~~~~~~~~ —

_ _  

: : :s ~_ _61 — — — — —  — — — — — — —  : — —  ~~~~. 40

3, ~~~~ : : :~~ _ _  _ _  30

20

10 — — — — —  — - — —— — — —  . . ——  10

—
~ rr i— i~~rirr :~~ _ _  _ _  

0

2 1 0.5 0.2 0.1 0. S 0.02 O.tJ~ . )
~ O.u02 0.001

GRAIN SIZE IN MILLIMETERS

SAMPLE DEPTH 
NATURAL G ATTERBERG LIII CLAY BAR COLE UNIFIED

NO. W rd 
S LI P1 SI <.002 L.S. CLASSF.

— FT % lb/ft’ — 
~— — — —

2 
3 .6-5. 9 15.3 104 2.65 36 16 18 32 7.8 .026 CL

8. 1-10.3 19.9 104 2.61 56 33 11 60 13.6 .029 CII

15.1 - 17.3 ?4. ~ lOS 2.6? 58 33 15 45 12.5 .065 CII

FIGURE B-3. SOIL CLASSIFICATION DATA
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WATER CONTENT , GIG

FIGURE B-4. ELLSWORTH, KANSAS MOISTURE DATA
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FIGURE B-5. ELLSWORTH , KANSAS STRAIN-SUCTION DATA

91



SITE Hennessy , Oki a .

~~ ~TANOARU ‘~( I V ( S

WI I M1i.IIANICt~L ANA lYSIS

4 ~~~~ LIU MBE R
lb ~~ 

r(~ ~~ I

L’O 3(~ 61) 
~ _____- — - - -— -— 100

I~!!ItiN\ 
_ _

20 

_ _ _ _ _ _  _ _ _ _ _  _ _  _ _  

20

— m i ~~~~inrr ::±— _ _  

0

0.? 0. 1 0.05 0.02 0. 0 0.005 0 .00? 0.00 1

GRA IN SIZ E (N MILL IMI ~LRS

SAMPLE NATURAL G A TTERBERG LIM CLAY BAR COLE UNIFIED
NO. DE TH 

~ ~ •1I• 
~i SI <.002 L .S. CLASSF .

— FT 1b/ft~ 
— 

. — —— —5 5.7 9 13.4 123 2.77 25 8 14 34 8 .012 Cl

10.1.12.2 13.9 124 2.80 32 14 15 50 9 .009 CL

FIGURE B-6. SOIL CLASSIFICATION DATA
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~~~ 106 - A SAMPLE 7
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WATER CONTENT , G/G

FIGURE B-7. HENNESSY , OKLAHOMA MOISTURE DATA
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• 8 —  
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1

o
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MOISTURE RETENTION (SUCTION), 6/C M 2

FIGURE 8-8. HENNESSY , OKLAHOMA STRAIN-SUCTION DATA
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SITE Holbrook , Ariz.

US STANDARD 511 VIS

WI I MI CIIANICAL ANALYS IS
SIU V) NUMBLR

(6 30 50 80 140
10 20 40 60 (0)) 200
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so — — — —— - — —— — — — — — - — —  50

4) — — — — — - — . — — - ---— — ——  - - — —4 l~~~~- 40

30 ~~~
- . — —  30

20 — — — —‘-~~~~~~~~~~~ - — - — —— —— —  20

10 10

~~ l l f f l T f i 1 1 F L i i i i  _ _  _ _

2 1 0.5 0.2 0.1 0 .05 0.0 2 0.0, 0.005 0.002 0.001

GRAIN Sill Z N M ILL IMETERS

SAMPLE DEPTH 
NATURAL G ATTERBERG LIM CLAY BAR COLE UNIFIED

NO. (t> 
~d ~ T1 ~T SI <.002 L.S. CLASSF.

— F T lb / It ’ — ‘ —— — — —
4 .5-6.2 16. 3 109 2.80 55 19 9 41 20 .045

8.4-10 .6 12.3 118 2.81 57 29 9 45 20 .071 CM
S

14 .9-16.8 17 .2 104 2.79 57 30 12 42 19 .076 CM

FIGURE B-9. SOIL CLASSIFICATION DATA
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1 o~

-

0000  0 SAMPLE 2
A SAMPLE 5

1:7 

SAMPLE B

: 1
I I \

\ ~ I
P1 PL \ IL

\

o 1 I I I10 0.1 0.2 0.3 0.4 0.5 0.6 0.7

WATER CONTENT , G/G

FIGURE 8-10. HOLBROOK, ARIZONA MOISTURE DATA
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0

1 2 -  0
O SAMPLE 2

LU A SAMPLE 5
O SAjIpLEB

LU

~~ 10 
—

o
-i A
~ 8 -  0 0

a
0 e

6

4 .  \ 0 00

• : I I I I
~~~~~~~~~~~~~~~~~~~~100 101 102 io~ 10’ 10~ 106 101

MOISTURE RETENTION (SUCTION), 6/CM2

FIGURE B-li. HOLBROOK , ARIZONA STRAIN-SUCTION DATA
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~- - - ,-— .— 
~ - ~•1~

SITE San Antonio , Texas

US ST4NDARI) SIEVES

W EI M IC IIAN ILAL ANALYSIS
SI{Vi NUMBER

lb 30 c0 SO 140
10 20 40 6)) 11))) ~‘()U

I°~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 100

90 — — — — — - —- — - — - - - - -— .- ---
~~~~~~~~~~~ _.~ 

- - ——  90

80 . - - — ~~~~~~~~ 80

70

60

50 — —— —— — - — — — —- -~ 
____  

~~~~~~~~ — —  so

40

30 - —  30

20 20

10 — — — — —- — — — — — — — —  10

_ _ _ _ _  _ _ _ _ _  _ _  ii i: _ _

2 1 0.5 0.2 0.1 0.05 0.0? 0.01 0.005 0.00? 0.001

1)13A 1N SIZE IN MIL L IME TERS

SAMPLE DEPTH NATURA l. ~ ATTERBERG LIM CLAY BAR COLE UNIFIED
NO. 

~ 
S LL PT SL <.002 L .S. CLASSF .

— IT lb/It ’ — .,. — —— — — — —5.2-/ .4  28.3 82.6 2 .71 75 45 14 64 23 .077 CM
4

10. -11.6 32.7 79.2 2.50 72 43 13 62 22 .081 CH
6

16.2-17 .3 34.3 74.6 2.67 99 59 12 60 21 .096 CII

1
~ 

FIGURE B-U. SOIL ::ASSIFICATION DATA
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i o~
o SAMPLE 4

- 

A SAMPLE 6

1O~~~ -s.~~~~~ 
~
NN 

•WES

~~~~~~~~~~~~~~~

N ~~~~~- 

~~~~ ~
°N.

AN a

- 

.
LU A

S ~ 6
0

10~ 
- 0

10’ - I I
PL P1 4 0 

0 LL
A

I I i  I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

WATER CONTENT , 6/S

FIGURE 8-13. SAN ANTONIO , TEXAS MOISTURE DATA
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14

0 \ o SAMPLE 4
A \ ~ SAMPLE 6

\ O SAMPLE 9

LU 

0

A

~ 10 A

0
o - 

0 \ A
0 A

\ A
8 -  \D

\ A
\ ~ 

0

-o 0 0

404

4 k— 4 0

8 °
4 0

I 0

2~—
0

A
I I I I

100 101 1O~ 1O ~ 10k 10~ 106 10~
MOISTURE RETENTION ( SUCTION), S/CM 2

FIGURE B- 14. SAN ANT ONIO , TEXAS STRAIN-SU CTION DATA
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SITE Dallas/Ft. Worth Ai rport, Texas Site 2

IS STANDARD 5 ( 1 2 ) 5

WE l M E C HANICA L ANAL YSIS
4— 51121 NUMB ER

. o 51) 80 140
10 20 40 60 

~~ _____lOC -~~~~~~~~u~~~~~~~~~~ ~~~~ 
— — —- - - —— — — — - - - —  — 100

— — — — - — - ~~— — ~~
- — .

~ , _  :~ :~~~: .._ 
~~~~~

..
“ 

- — 90
— — — — - — — - —. - ——— . - - — - — -

~~~~

SQ — — —— — -— - — -—
~~~

— — ——  - h — —  80
_ _  — __

70

bO — — —— —- — - — — —— — — —  - - — — ~~ui~~’ 60

SO —
~~~~~~~~~ — — —  — - — — - —— — ——  - - — —  50

40 — — — — —  — - — — — — — — —  ___  - — — —  40

30 — — — — —  — - — — — — — —  ___ - — — —  30

20 — —— — — —  — - —— — — — —  ____ - — — —  - 20

10 — - —- —  _ _  

_ _

2 1 0.5 0.2 0.1 0.05 0.02 0.0 0.005 O.uO2 0.001

G RAIN S IZ E  I N M I L L I M E T E R S

SAMPLE NATURAL 
~

. ATTERBERG LIM CLAY BAR COLE UNIFIED
NO. S IL PT SL <.002 L.S. CLASSF.
— FT lb/ It ’ — — —— — — —.5-2 .5 31 88 2.72 70 44 1 61 21 .109 CII
2-1

3 -4 . 26 92 2.70 76 50 10 6/ - CII
2-2 

_________ ___________

6-10 31 90 2.78 73 46 14 64 19 .202 CII
2 - 3 

________ _________ __________ __________ _______________

FIGURE B-15. SOIL CLASSIFICATION DATA
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SITE Dallas /Ft Worth Airport, Texas Site 3

US STANDARD SI EVE S

W1~ MEC HANI CAL ANALYSIS
4 S~i V ~ NUMBER

(6 30 50 80 140
10 20 60 IOU ~100 - - -— —  100

90

80

_ _  _ _  

70
— - — - — - - - --

~~
s-- -- - - 

-

_ _  _ _

I I!!!I~ =

!
:

0

2 1 0.5 0.2 0.1 0.05 0.02 0.0 0.005 0.002 0.001

GRAIN SIZE IN MILLIMETERS

SAMPLE NATURAL 
~ 

ATTERBER S LIM CLAY BAR COLE UNIFIED
NO. DEPTH 

~ 
S LI PT SL <.002 L.S. CLASSE.

— FT 1b/ft ’ — — —— — —
3-I 2-3 15 105 2 .7 1 34 15 11 30 11 .025 Cl

FIGURE B-16. SOIL CLASSIFICATION DATA
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io~ 
-

io~ 
0 SPJ4PLE 2-2-3

4 SAMPLE 3-1-3
o SAMPLE 3-2-1

10’ -
0 0

a

100 I ~~ 4 I I I I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

• WATER CONTENT G/G

FIGURE B-i?. DALLAS/FORT WORTH AIRPORT MOiSTURE DATA

103 . . 

.

LL. ..——. - 
. 

- 
~~~~~~~~~~~~~~~~~~~~~~ - -



—

14

1 2—

8 •
~~~~~~~~~~

I I 
H

100 101 102 io~ io’ io~ 106 101

MOISTURE RETENTION (SUCTION), G/CM
2

FIGURE B-18. DALLAS/FORT WORTH AIRPORT STRAIN-SUCTION DATA , SAMPLE 2-2
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14

12 -

LU

LU

LU

o 8
-J

-J

I—
LI,

LU

2

I I\ I
100 lo ’ 102 io~ 10’ io~ 106 10’

MO ISTURE RETENTION (SUCTION), 6/CM2

FIGURE B-19. DALLAS/FORT WORTH AIRPORT STRAIN-SUCTION DATA, SAMPLE 3-I
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SITE Moquino , New Mexico

US STANDA RD S IEVES

WET MECHAN ICAL ANALYSIS
S I E VE NUMBER

16 30 50 80 140
10 20 40 60 100 

______ ______100 - —— — _ -
~~~~~~~~~~~~~

-
~~~~~~~~~~ - —  — — —  TII 1 T - — —  100

90 __ tt iI1:::

~ 

_ _  

90

80 — —  — —  f l f j f •  ____  

80

11 — — — — - —— — — — 

~~~ fi~
1 I - — —  70

_ _

ft t 1 t

~~

.

~~~

— 
__60 — — —— — - — - — — —~~~~— —  1 . I 4 1 4 - - — .-~~~~

.
~ 60

so — — —— — - — - — — — — — —  ITITt — SO

40

30 . _ _ _ 30

20 — — —— — - —- —- - —- —- — —  20

10 — — —
~~~~~~

— -
~~~~~~~

- — — — - — —  - - ——  10

°~~~~~~T i ~~~~ flh i T I I I  _ _  h u h i  _ _

2 1 0.5 0.2 0.1 0.05 0.0? 0.01 0.005 0.00? 0.001

GRAIN SI Z E IN MILLIME TERS

SAMPLE DEPTH 
NATURAL G ATTERBERG LIM CLAY BAR COLE UNIFIED

NO. w 
S LL PT SI <.002 L.S. CLASSF.

— FT lb/It ’ — :. — —— — —1 .5-2 .5 19 87 2 .74 62 36 9 58 16 .06 7 CM

FIGURE 8-20. SOIL CLASSIFICATION DATA
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iO~

100 -

-
z
0

o
0

LU

11~~ —

0
I-
‘/,

0x

0

101 -

0
100 \.~~

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
WATER CONTENT , G/G

FIGURE B-21 . MOQUINO, NEW MEXICO MOISTURE DATA
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14 —

12 -~~~~~~~~~~~~~~~~~~~~~~~~~~

LU 0
I-

LU
L)

~~~1o-

-
o 0

-J

io’ 101 102 1o 3 io~ io~ 106 10’

MOISTURE RETENTION (SUCTION), G/CM
2

FIGURE 8-22. MOQ(JINO , NEW MEXICO STRAIN-SUCTION DATA
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SITE Tucumcari , New Mexico

US ~ 1 .DASI~ V I E S

W IT MICIIANI&.A L ANALYSIS

4 SILI E NUMBER
1 6 10 ~.i) 50 140

10 20 40 60 00 
_____ — — —  100

- _ _ _

— .~~~~ • 
.,. ~••. —90 — — — —— - ~~ ‘ç - — . . -—— - - — —-—~~ \ — —  90

— — - —— — .—
~~~~~

----
~
_ s - — — \ - _ _

80 — — — — - — - — . — - — ~~~~~~-----~~~~~ -— —  ‘ - —~~~~~~~— —  80
— - —‘

~~~~

7 — - — - —- - - - --- — -~~~- - — N - - -- —  70
— - — - — . — - — —---~~~~ — _ _  _ _

Is

0 — — — — —- — - — — — - —— - —
~~~~~~~ 

- — — — —  60

DO T1 111 111 I =111 _ _

- _ _

ii 111111 II I 
_ _  ~~~~~~~ 

40

_ 

EE T~~
(0 — — —— — - — - — —- — -— —  ___ — -— —  10

1l1{1T iJ~~~~~~~~~~~~~ flh iT I iii __ 1111 __ 

0

2 1 0.5 0.? 0.1 0.05 0.0? 0.01 0.005 0.002 0.001

GRAIN SIll IN MILLIMETERS

SAMPLE DEPTH NATURAL 
G 

ATTERBERG LIM CLAY BAR COLE UNIFIED
NO. w S 

LI PT SL <.002 L .S. CLASSF.

— FT lb/ It ’ — . — —— — —1-3 18 89 2 .72 42 20 11 30 13 - CL

1. S- .’.S 12 104 2.76 50 33 13 42 - CH

2 3  
4.5 12 104 2.80 57 41 12 33 16 .075 CH

FIGURE B-23. SOIL CLASSIFICATION DATA
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1

106 .
\ 0 SITE 1

D SITE 2

~~~~~ 
o\ \

010

101~

0

I •

100 I I p I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

WATER CONTENT , G/G

I
FIGURE 8-24. TUCUMCARI, NEW MEXICO MOISTURE DATA
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14

0 SITE 1
1 2 -  A SITE 2

~~~~0.
_ ._

— — — —
• LU

~~~1n —LU IU~

LU - 
0.

0 4

6

I I I I 

“
\I

’

\ I
100 101 102 io~ 10’ 10~ 106 io~

MOISTURE RETENTION (SUCTION), G/CM2

FIGURE 8-25. TUCUMCAR I, NEW MEXICO STRAIN-SUCTION DATA
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S ITE Kelly AFB , Texas

US STANDA RD S I L V E S

W I 1 M E C HANI CAL ANAL YSIS

4 SI L VI Nu MBER
lb )U ‘0 80 14o

10 20 40 
~~~ 1

- — — —
~~~~~~

—- —--— 100
- _ _

90 
~~

— — — ‘ —... —. 
~~

— —-— — — — ______ - — — — — 9))

80 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
— — — . —  80— — — — — ~~~~-- — - — —— ~~~.~~~~~~~~— .—— .

7( 

~~IiIIIITiII~ .~~~~- . 11111 _ _  

70

60 — — — — — - — - — — — —— —  - ; — — —  60

5’ — — — — —- — - — — —— —— —  
~~~~~~~~~~~~~~~~ 50

- - s —  ~~~~~

4 — — — — —- — -— —— — — —  — — --—
~~~~~~

-
~~~~~~~~~~~ ‘- 40

3)) — — — — —- — . - — — — —— — —  _ _ _ _  — — — —  30

20

10 

_ _  _ _

2 1 0.5 0.2 0.1 0.05 0.02 0.0 0.005 0.00? 0.001

GRA IN SILL IN MILLIMETERS

SAMPLE NATURAL G ATTERBERG LIM CLAY BAR COLE UNIFIED
NO. DEPTH 

~ 
~ IL P1 SI <.002 L .S. CLASSF.

— FT lb/It ’ — - — —— — — —
I 

3-4 .5 24 89 2.73 59 40 5.6 40 - .070 CII

1.4 24 97 2.70 55 28 9. 42 - . CII

26 90 2 .71 61 32 7. 50 20.5 .084 CH
2-1

FIGURE B-26. SOIL CLASSIFICATION DATA
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1O~

• 

1O5~~~~~~~~~~~~~

10’ -

0

10~ 
I I I

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
WATER CONTENT , 6/6

FIGURE B-27. KELLY AIR FORCE BASE, TEXAS MOISTURE DATA
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14 ‘~~~~

N
12—

NS.. 5
%

N
S...

~bO 
N

I I
100 10’ 102 1O~ lou lo~ iO~ 1o~

MOISTURE RETENTION (SUCTION), G/CM2

FIGURE B-28. KELLY AIR FORCE BASE , TEXAS STRAIN-SUCTION DATA
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