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(ABSTRACT)

An instrumented oedometer was designed and constructed for the purpose of
investigating at-rest and compaction-induced earth pressures in moist soils. The device
has a split oedometer ring, and horizontal stresses are measured using load cells which
support one half of the ring. Rapid cyclic loading was applied to compacted soil
specimens, using a digital pressure regulator and a computer-based data acquisition
system. The performance of the device was validated by performing tests on silicon
rubber and Monterey sand.

Instrumented oedometer tests were performed on specimens of compacted
Yatesville silty sand, with various values of water content and dry unit weight. The results
of the instrumented oedometer tests showed that (1) the value of the total stress earth
pressure coefficients at rest, KT, is about 0.4 for specimens compacted one percent or
more dry of optimum, (2) that the value of KT increases very rapidly as degree of
saturation increases in the neighborhood of optimum water content, and (3) at water

contents above optimum, values of K;T are 0.9 to 1.0. Using these results, value of KT



for Yatesville silty sand can be estimated based on degree of saturation and relative
compaction. Simplified design diagrams were developed for estimating values of K,T.

Filz's (1992) method for effective stress analysis of compaction-induced earth
pressures in partly saturated soils was compared to the results of the instrumented
oedometer tests. A method for estimating pore pressures based on the compressibility of
the soil and the degree of saturation was used in the analyses. Applying Filz's (1992)
modification of Duncan and Seed's (1986) effective stress K, model, both total and
effective lateral pressures were estimated. The calculated values of lateral earth pressure
were found to be in fairly good agreement with the results of the instrumented oedometer
tests.

Tests were also performed in which specimens were soaked while loaded for the
purpose of evaluating the effects of changes in soil moisture on the K, behavior. Soaking
had the effect of releasing soil suction in specimens compacted dry of optimum and
allowing positive pore pressures to dissipate in specimens compacted wet of optimum.
Significant decreases in total stress K, values due to soaking were observed for specimens
compacted either wet or dry. Changes in effective stress during soaking were inferred
from the test results.

The instrumented retaining wall tests on Yatesville silty sand performed by Filz
(1992) were analyzed using the proposed models. Total stress analyses provided good
agreement with the measured results. Effective stress analyses were also in good
agreement with experimental results when a limiting condition was imposed with respect

to the ratio between total horizontal and total vertical stress.
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CHAPTER 1

INTRODUCTION

Stiff retaining walls on non-yielding foundations are usually designed for at-rest
earth pressures, equal to 0.4 to 0.6 times the vertical pressure. However, lateral earth
pressures induced by compaction of backfill are sometimes much greater than the at-rest
pressures. As a result, retaining structures designed to resist only at-rest earth pressures
may be damaged, or they may undergo large lateral deflections, when the backfill is
compacted.

A theory for estimating compaction-induced lateral earth pressures was developed
by Duncan and Seed (1986) and modified by Filz (1992). This theory has been
successfully applied to dry sand, but earth pressures calculated by Filz (1992) for moist
Yatesville silty sand did not agree with values measured in instrumented retaining wall
tests. It was surmised that the discrepancy between the calculated and measured earth
pressures was caused by inaccurately estimated values of pore pressure in the partly
saturated soil during loading. The engineering behavior of partly saturated soils were
reviewed during this study to develop improved understanding of pore pressures in partly
saturated soils and to devise better methods of estimating earth pressures exerted on walls
by compacted moist soils.

Within the past thirty years, since Bishop first proposed a rational effective stress
equation for partly saturated soils in 1959, progress in the use of effective stress theory for
partly saturated soils has been slow. This slow progress is mainly due to the difficulties
involved in measuring soil suction. One of the purposes of this research was to develop a
method of estimating compaction-induced lateral earth pressures which would not require

estimation or measurement of soil suction.
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This dissertation consists of nine chapters and seven appendices. Chapter 2
describes and summarizes previous studies of at-rest and compaction-induced lateral earth
pressures. The effective stress K, model developed by Duncan and Seed (1986) and
extended by Filz (1992) are described in Chapter 2.

The behavior of partly saturated soils was a very important aspect of this research.
Chapter 3 describes and summarizes previous studies of the behavior of partly saturated
soils.

Chapter 4 describes the instrumented oedometer that was designed and constructed
during this study. Tests performed on silicon rubber and dry Monterey sand to validate
the operation of the apparatus are also described in Chapter 4.

Chapter S presents the results of the instrumented oedometer tests performed on
specimens of moist Yatesville silty sand, and their interpretation with respect to total
stresses. Relationships between the value of total stress K, and compaction density, and
water content are discussed. Based on the test results, a method for estimating the total
stress value of K, is proposed.

Filz's (1992) extension of Duncan and Seed's (1986) K, model is evaluated in
Chapter 6 by analyzing the results of the instrumented oedometer tests. The K, behavior
of partly saturated soils is discussed in terms of the concept of effective stress, and a
method for estimating pore pressures during one-dimensional compression is presented.
Applying the proposed method to Filz's (1992) effective stress K, model, both total stress
behavior and pore pressures during one-dimensional loading can be estimated.

It has been reported that changes in moisture content affect the value of K, after
compaction. The results of tests in which specimens were soaked after compaction to

examine the effects of changes in moisture content are described in Chapter 7.
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Comparison between calculated earth pressures and the results of Filz's (1992)
instrumented retaining wall tests on Yatesville silty sand are presented in Chapter 8.

The findings of this research are summarized in chapter 9. Possible future studies
are also discussed.

Appendix A describes the data acquisition and test control system used for the
instrumented oedometer tests. The computer program used for data acquisition and test
control is described in Appendix B. Shop drawings for the instrumented oedometer are
shown in Appendix C. Appendix D presents some mathematical forms for pore pressure
parameters for partly saturated soils, and discusses the assumptions and the mechanical
basis for the expressions. Appendix E describes VanGenuchten's model, which is used to
relate soil suction to degree of saturation. The results of conventional laboratory tests on

Yatesville silty sand and Monterey sand are summarized in Appendix F and Appendix G.
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CHAPTER 2

REVIEW OF PREVIOUS STUDIES OF AT-REST AND
COMPACTION-INDUCED LATERAL EARTH PRESSURES

2.1 Introduction

Sehn's (1990) review of earth pressures has been brought up to date during the
course of this research. Table 2-1 contains a summary of the studies reviewed. For each
reference, the nature of the study and the findings and conclusions are summarized.

A clear picture of the mechanics of at-rest earth pressures and compaction-induced
earth pressures emerges from the information in Table 2-1. The most important facts

relating to these issues are summarized in following sections.

2.2 At-rest Earth Pressures

Almost all of the experimental studies that have been performed to investigate at-
rest pressures have resulted in essentially the same picture of the behavior of soils under
condition of no lateral strain (Kjellman and Jacobson, 1955; Bishop and Henkel, 1957;
Hendron, 1963; Brooker and Ireland, 1965; Wright, 1969; Campanella and Vaid, 1972;
Ofer, 1982; Senneset, 1989; Sehn, 1990)

The essential aspects of this behavior are illustrated, for example, by the results of
tests performed by Wright (1969) which are shown in Fig. 2-1. The tests were performed
on specimens of Monterey sand in a triaxial apparatus with a sensitive strain indicator
band around the specimen. As the axial stress increased, the lateral stress was adjusted to
maintain zero lateral strain to a high degree of accuracy.

From the results shown in Fig. 2-1, the following characteristics of the behavior of

Monterey sand under no lateral strain condition can be seen:
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values of volumetric strain due to soil suction are affected by total stress (Josa et al.,
1987). Therefore, it can be concluded that the equations derived by Fredlund and
Rahardjo (1993) are not useful in practice, at the present time.

The equations derived by Fredlund and Rahardjo can be simplified by making the
following reasonable assumptions:

(1) the pore water is incompressible, and

(2) the compression of the soil skeleton due to change in soil suction is negligible.

Zero compressibility of pore water has been commonly assumed in practice (Bishop
and Eldin, 1950; Bishop and Skempton, 1954; Chang and Duncan, 1983). The
compressibility of water is a function of temperature and pressure. It is 4.57x10-> m2/kN
at 20°C under atmospheric pressure. Fredlund (1976) showed that the effects of
compressibility of water on the compressibility of an air-water mixture is significant only
when the degree of saturation is very close to 100 percent.

The second assumption is accurate for cases where the change in soil suction is
small. For soils in which the air phase is occluded, pore air pressures are approximately
equal to pore water pressures; as a result, soil suction is constantly zero. Jennings and
Burland (1962) stated that the air phase in sand becomes occluded at a degree of
saturation of about 20%, the air phase of silt becomes occluded at a degree of saturation
equal to 40 to 50%, and the air phase in clay becomes occluded at a degree of saturation
of 85 %. In general, the degree of saturation corresponding to the optimum water content
is about 80 to 90 percent. Consequently, it is reasonable to assume that the air phase of
soils is occluded when their water content is around optimum. Even for soils that are

drier, the change in soil suction may be also zero, even though the soil suction is non-zero.
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The second assumption is also reasonable for the case where the compressibility of
the soil with respect to soil suction (u,-u,,) is much smaller than that with respect to (c-
u,). Volume changes due to changes in soil suction are only large for expansive clays.

Using the assumptions discussed above, the following simple forms of Fredlund and

Rahardjo's equations can be obtained:

1

B, = — : (D.7)
1, 1(1-S+S-H)
Cii-U,
B. = ! (D.8)
*”  n-(1-S+S-H) '
1+
my-u,

c,; = compressibility of soil with respect to a change in the minor principal stress
(reciprocal of pressure units),
m, = compressibility of soil with respect to a change in vertical stress (reciprocal of
pressure units),
Although equations (D.7) and (D.8) take into account the solubility of air in water,
this factor is negligible where (1) the degree of saturation is less than 80 %, or (2) there is
not enough time for air to go into solution. In the case where the effects of air solubility

are negligible, equations (D.7) and (D.8) can be simplified to:

1
B, =—— (D.9)
1+n~(1 S)
Cii-U,
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- 1
B, = (D.10)
[, n(=5)

my -u,

These equations involve assumptions. However, the assumptions are quite
reasonable for most compacted backfills.

It should be noted that equation (D.7) through (D.8) provide pore pressure
parameter for the air phase, B,. For soils with occluded air, B, is very nearly equal to B,,;
therefore, B, can be considered to represent the change in both air and water pressure for
soils with occluded air bubbles. For drier soils, the pore pressure parameter with respect
to water (B,)) is slightly greater than B,. Therefore, the pore pressure parameter for the
average pore fluid pressure must be slightly greater than the value obtained by the
equations above, if the amount of air in the soil does not change due to air flow in or out
of the voids.

As described in chapter 3, the value of B increases with increasing total stress due to
increase in degree of saturation, and the secant value of the pore pressure parameter B is

different from tangent value. Hilf (1948) developed the following equation expressing the

secant value of B for one-dimensional compression:

1
B, = , 11
[1+(1—SO+H-SO)-n0] ®11

m,-u,

where

B, = secant value of the pore pressure parameter B for air pressure
(dimensionless), and

n, = initial porosity (dimensionless).
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It was found that use of Eq. (D.11) results in pore pressures that are about 10 percent
higher than those calculated using Eqs (D.7) and (D.8). The reason for this discrepancy is

not known.
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Appendix E
INITIAL PORE PRESSURES

In order to use the compaction-induced earth pressure theory to calculate earth
pressures for moisture-sensitive partly saturated soils, the value of initial pore pressures
must be known. Filz (1992) suggested that the initial pore pressures might be infered
from the values of the effective and total strength parameters for the soil. However, it was
found that the method did not yield reasonable results. This appendix describes a method
for calculating the initial capillary pressures using an empirical correlation between water
content and capillary pressure head. The relationship is frequently used for estimating
unsaturated hydraulic conductivity. Several researchers have proposed empirical curves to
relate capillary pressure head to water content. Many investigators believe that the model
proposed by Van Genuchten (1980) describes the relationship between water content and
capillary head fairly well. The Van Genuchten's model relates the effective saturation of a
soil to the capillary head; as follows:

S, = (1+afhf* )‘("%) forh<0 (E.1.2)

S.=10 forh=1.0 (E.1.b)
where

Se = effective saturation defined by Eq. (E.2) (dimensionless),

h = capillary pressure head (length units),

a = curve fitting parameter relating to the position of the water-retention curve

(reciprocal of length units), and
n = curve fitting parameter relating to the slope of the water-retention curve

(dimensionless).
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The effective saturation (S,) is defined as:

6-6
S = r 2
e €2)

T

where

0 = volumetric moisture content, which is the ratio of volume of water to total
volume of soil (dimensionless),

64 = saturated volumetric moisture content, which is identical to porosity
(dimensionless), and

0 = residual volumetric moisture content, which is a curve fitting parameter for

the water-retention curve (dimensionless).

Fig. 3-1 shows a typical soil-water retention curve obtained through laboratory
tests. As shown in the figure, the soil-water retention curve is hysteretic. However, most
researchers use a single set of parameters (a, n, and 6;) for both drying and wetting, for
the sake of simplicity. Table E-1 shows values of parameters reported previously for

various types of soil.

Since no laboratory tests for measuring the water-retention curve were performed
during this study, values of initial capillary pressure were calculated using the parameters
for sandy loam, silt loam and sand listed on the Table E-1. The calculated values of
capillary pressure are shown in Table E-2.

Two things about the values of capillary pressure listed in Table E-2 can be noted:

(1) The values calculated using the three sets of parameters vary widely. Therefore,
it must be concluded that it is not possible to make highly accurate estimates of capillary

head bsed on Van Genuchten's equation with parameter values estimated on the basis of a

visual description.
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Table E-1. Parameters for Van Genuchten's Model

Reference Soil o (m'l) n 0, 0.
Van Genuchten Hygiene 0.79 10.4 0.612 NA.
sandstone
(1980) Touchet silt loam 0.5 7.09 0.405 N.A.
Silt loam G.E. 3 0.423 2.06 0.331 N.A.
Beit Netofa clay 0.152 1.17 0.0 N.A.
Parker et.al. Sandy loam* 1.53 1.265 0.074 0.355
(1985) Silty loam* 3.46 1.289 0.103 0.388
Silty clay loam 0.82 1.275 0.112 0.402
Clay 0.07 1.419 0.109 0.589
(weathered shale)
Nishigaki et.al. Decomposite 7.0 1.82 0.11 0.338
(1992) granite
Toyoura sand* 2.2 12.32 0.00 0.411

* Parameters for these soils were used for the calculation of the initial capillary pressures in the

specimens.
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Table E-2. Capillary Pressures Estimated by Van Genuchten's Model (1980)

for Specimens of Yatesville Silty Sand

Parameters Parameter Effective Capillary Capillary

based on values Test No. saturation pressure head pressure
(m) (psi)
a =346 Y2 0.819 0.972 16.6
Silty loam n=1289 Y3 0.708 2.693 45.9
6, =0.103 Y9 0.437 105.4 1796
o =153 Y2 0.819 1.600 27.3
Sandy loam n=1.265 Y3 0.708 41.5 70.7
0. =0.074 Y9 0.437 83.6 1425
a=22 Y2 0.819 0.836 14.3
Sand n=1232 Y3 0.708 0.880 15.0
6,=0.0 Y9 0.437 0.967 16.5
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(2) The suction values are quite high in some cases, ranging up to 1800 psi for the

dry specimen of Test Y9.

The significance of these widely varying and very large suction values is mitigated
by the fact that the suction is only high when the degree of saturation is low. Accordingly,
the factor y in Bishop's pore pressure equation is very small:

c'=6—-u, +x(u, —u,) (E3)

Thus, although the values of suction (u,-u,,) may be large, the effects on the value of

o' is greatly mitigated because the value of i is so small.
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Appendix F

LABORATORY TESTS ON YATESVILLE SILTY SAND

Description of Soil

Yatesville silty sand is brown to dark brown silty sand of alluvial origin. The sample
used in this study is from the foundation of Yatesville Lake Dam in Lawrence County,
Kentucky. The sample was sieved by Sehn (1990) using a commercial-grade wire mesh
with 0.20-inch openings, and oversized particles were discarded. Roots, shells, and other
non-mineral substances were removed.

Yatesville silty sand has been used by Sehn (1990), Brandon et al. (1990), and Filz
(1992) for previous research studies. Strictly speaking, the Yatesville silty sand tested at
Virginia Tech comes from two different batches. Filz used soil from the same batch as
Sehn (1990) for most of his instrumented retaining wall tests. During Filz's research,
more soil was added to make up for losses of material during early tests. The added soil
came from aother batch which Brandon et al. (1990) had used. The volume of soil added
was approximately 10 percent of the original volume. The mixed soil was found to have
different compaction characteristics from that tested earlier. The maximum dry densitiy
for the mixed soil was about 4 to 5 Ib/ft3 higher than for the batch of Yatesville silty sand
tested earlier by Sehn (1990) and Filz (1992). Using the mixed soil, Filz performed two
additional instrumented retaining wall tests. The soil used in this research was taken from
the mixed soil prepared by Filz (1992). It has been found that all of the samples of
Yatesville silty sand have essentially the same soil properties, except for moisture-density

characteristics.
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Particle Size Distribution and Specific Gravity
Particle size analyses were performed in accordance with ASTM D 422-63. Fig.

F-1 shows the test results, together with the gradation curves obtained by Brandon et al.
(1990) and Filz (1992). It can be seen that all the curves are similar. About 40 to 50
percent of the material passes the No. 200 sieve. The material is classified as silty sand,
with a group symbol SM, based on the Unified Soil Classification System (UCSC).

Sehn (1990) reported that the specific gravity was 2.66. Brandon et al. (1990)
reported that the specific gravity of the added soil was 2.67. Filz (1992) reported that the
specific gravity for the mixture of these soils which he prepared was 2.67. The soil used in
this study was the same mixed soil as Filz (1992) used; therefore, Gs = 2.67 was used

throughout this study.

Moisture-Density Relations
Filz (1992) performed Standard Proctor tests and Modified Proctor tests on

Yatesville silty sand in accordance with ASTM D-698 and ASTM D-1557. In addition, he
developed two other moisture-density curves using lower compactive efforts. The test
results are shown in Fig. F-2. Based on the Standard Proctor test results, a maximum dry

density of 125 pcf was obtained at an optimum water content of 10.9 %.

Consolidated-Undrained Triaxial Tests

Brandon et al. (1992) performed consolidated-undrained triaxial compression tests
on laboratory compacted specimens of Yatesville silty sand.

Fig. F-3 shows the variation of effective stress friction angle with dry unit weight

obtained from the results of these tests . It was found that the effective stress friction

APPENDIX F 324



wbisp Aq Jesieo)) jusdisd

pueg AJ[IS 3[[1AsdIe & J0J $9AIn) uoneprin ‘- 14
[ Aeig 10 1IS [ ~ pueg [ ENCEID) [ ]
(ww) 8zI5 ureln
t00°0 00 (0] 3 0] 8 00}
OL1T— _ - " e =10
06 /,4,./. ................ I T oo q- Aomm_vv uedung pue uyag  -------- -01
i ~ ,/ : [
08-S LR RS S AT S o e - (0661) UBOUNQ PUB UYSS  -------- | 0z
(0661) ‘e 19 uopuelg — - — ]
“ , T peeee " Om
W a (@66t) 24 ——— [
: el ov
o (8661) APMig s1u L ]
,. .7”~ ................................. ﬁom
“ ................................. WO@
................................. L0/
................................. m...‘ .X,W_M.. .mow
................................. vom
0 502 CHTOBT 0L 08 05 08 BT ot g1 +—4—"o01

sisAjeuy 1ejowoIpAH

S18quINN 8AeIg piepuelS 'S N

(u1) ensiS prepuelS 'S N

wbivsp Aq Jaui4 usdied

325

APPENDIX F



140 - r—
. : | == Mod. Proctor, 56,250 ft-lbs/cu t
i we Std. Proctor, 12,375 ft-Ibs/cu ft
i E \ :
i \ — - — LowEnergy Test 6,187 ft-Ibs/cu ft
1354 S, Sl
; \ \ —— Very Low Energy Test 2,475 ft-lbs/cu ft
i I y = = Zero Air Voids
130
=
Q
£ 125
)
€=
o
[
=
=
o
D 1204
>
E
(]
115
110-
| | | : | : | : | I
105 1 I I l .
5 7 9 11 13 15
Water Content (%)

Fig. F-2. Moisture Density Relationship for Yatesville Silty Sand - after Filz (1992)
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angle increased with increasing dry unit weight. The effective stress cohesion intercept

was found to be zero.

Low Pressure Undrained Triaxial Tests

Filz (1992) performed uncosolidated-undrained triaxial compression tests on
specimens of Yatesville silty sand. Samples were taken from the compacted backfill of the
instrumented retaining wall tests using Shelby tubes. The Shelby tube samples had been
stored for about one month at the time they were tested.

The tests were conducted on short specimens with a height of 1.5 inches and a
diameter of 2.8 inches, using lubricated end platens. The cell pressures used for the tests
were 0, 2, and 4 psi. It was considered that these small cell pressures reflected the
condition of the backfills after compaction. The test conditions and results are shown in
Table F-1. Failure was defined as 15 percent axial strain, unless the peak deviator stress
occurred at smaller strain. Fig. F-4 shows the variations of the values of the total strength
parameters with dry unit weight and water content obtained from the low-pressure UU-
triaxial test results. The effective strength parameters obtained by Brandon et al. (1990)
are shown together for the purpose of comparison. It was found that both the total stress
friction angle and total stress cohesion intercept increased with increasing dry unit weight
and with decreasing water content.

It was reported that most of the stress-strain curves were linear up to about 7
percent axial strain. The undrained initial tangent modulus values from the low-pressure
UU-triaxial tests are listed in Table F-1. The values are scattered. Contours of undrained
initial tangent modulus were drawn on the compaction diagram, as shown in Fig. F-5, so
that the trend of changes in the initial moduli could be identified. It was found that the

undrained initial tangent moduli increased with decreasing water content.
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Table F-1. Results of Low Pressure Uncosolidated-Undrained Triaxial Tests

Performed by Filz (1992)
Water Content (%) | Dry Density (pcf) | Cell Pressure (psi) | Deviator Stress at Initial Tangent
Failure* (psi) Modulus (psi)

106.7 12.1 0 11.9 145
114.5 10.1 0 33.3 800
115.1 13.2 0 33.1%* 425
116.4 9.9 0 35.8 730
116.5 12.1 0 29.7 560
119.2 12.2 0 33.4 470
121.4 11.8 0 39.2 390
108.0 12.2 2 16.9 385
109.0 12.4 2 19.0 256
115.3 9.9 2 36.3 1200
116.0 10.0 2 43.5 960
116.5 12.3 2 34.3 444
118.0 9.6 2 41.2 850
119.3 12.5 2 39.0 440
120.0 12.2 2 42.4 485
120.7 11.9 2 45.7 440
121.7 10.1 2 55.4 1030
106.4 12.3 4 16.4 396
111.8 12.3 4 274 353
112.2 9.7 4 34.8 1050
114.4 12.4 4 32.4 294
118.6 12.7 4 42.2 480
118.7 9.9 4 49.8 730
120.2 12.2 4 49.0 495
120.6 9.6 4 57.9 910

* Failure was defined by 15 % axial strain unless denoted by **.

** Failure was defined by peak deviator stress.
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High Pressure Undrained Triaxial Tests

Uncosolidated-undrained triaxial compression tests were performed on partly
saturated specimens of Yatesville silty sand during this study, using higher cell pressures
than used by Filz (1992). The specimens were prepared by compacting the soil with a
Harvard Miniature Compactor.

The specimens (initial height = 2.8 inches and initial diameter = 1.4 inches) were
sheared in their as-compacted conditions at a strain rate of 1.0 percent per minute, using
cell pressures of 10, 30, 50, and 70 psi. It should be noted that the specimens were
sheared immediately after compaction. The cell pressures used in this series of tests cover
the stress range induced during compaction in the instrumented retaining wall tests
performed by Filz (1992). Test conditions and results are shown in Table F-2.

Figs. F-6 through F-9 show the variations of deviator stress at failure with dry unit
weight and water content obtained from the test results summarized in Table F-2. Each
figure shows values of deviator stress at failure for a different value of cell pressure (Fig.
F-5, 0;,=10 psi; Fig. F-6, 6,=30 psi; Fig. F-7, 6,=50 psi; Fig. F-8, 5,=70 psi).

Figs. F-10 and F-11 show the failure mechanisms of the specimen and idealized
shapes of the stress-strain curves. In general, drier specimens exhibited more brittle
behavior.

Fig. F-12 shows variations of the values of the total stress strength parameters with
dry unit weight and water content which were determined from Figs. F-6 through F-9.
Values of effective stress friction angle obtained by Brandon et al. (1990) are also shown
for purposes of comparison. It was found that both the total stress friction angle and total
stress cohesion intercept increased with increasing dry unit weight and decreasing water

content.
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Undrained Tests for Yatesville Silty Sand (10 < o <70 psi)

APPENDIX F 343



Values of undrained initial tangent modulus were calculated using the hyperbolic
fitting described by Duncan et al. (1986). The calculated values are shown in column (9)
of Table F-2. Since the hyperbolic fitting method is based on the assumption that the
stress-strain curve can be approximated as a hyperbola, the calculated values of modulus
are not meaningful for the cases where the stress-strain curves deviated appreciably from
hyperbolic shapes. Therefore, if the values of secant modulus at 1.0 percent strain
exceeded those calculated using the hyperbolic fitting procedure, the secant modulus
values were considered to be more representative of the behavior of the soil at low strains,
and were used in calculating pore pressure parameters as explained in Chapter 5. Values
of undrained secant modulus at 1.0 percent strain are shown in column (10) of Table F-2.
A value of axial strain equal to 1.0 percent was chosen because data for strain values
smaller than 1.0 percent strain involve relatively large inaccuracies due to seating load
effects.

The values of undrained modulus used in the analyses are shown in column (11) of
Table F-2. They were used to evaluate the modulus number (K) and the modulus

exponent (n) in the following equation (Duncan and Chang, 1970):

5)4)

where
E; = undrained initial modulus (pressure units),
©3 = minor total principal stress (pressure units),
P, = atmospheric pressure (pressure units),
K = modulus number (dimensionless), and

n = modulus exponent (dimensionless).
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Figs. F-13 and F-14 show contours of K and n drawn on moisture-density diagrams. The
contours indicate that the value of K decreases with increasing water content, and n
increases with increasing water content. Both K and n are affected little by changes in

density at the same water content.

Direct Shear Tests

Filz (1992) performed direct shear tests on specimens of Yatesville silty sand. The
specimens were compacted in a 4 by 4-inch shear box, and shearing started within minutes
after compaction. The normal loads were kept constant during the tests. Failure was
defined by the occurrence of the peak shearing force. Cohesion intercepts obtained from
the tests were plotted with dry unit weights in Fig. F-15. It was found that the values of
total stress cohesion obtained from direct shear tests were smaller than those obtained
from low-pressure UU-triaxial tests. Filz suggested that this might be due to aging of the
triaxial specimens. It was also found that the values of total stress friction angle
determined from the direct shear tests were larger than the values of effective stress

friction angle obtained from CU-triaxial tests.

Consolidation Tests

Filz (1992) performed one-dimensional consolidation tests on specimens of
Yatesville silty sand. The samples were taken from the compacted backfills of
instrumented retaining wall tests using Shelby tubes. Some specimens were inundated
after the seating loads were applied, and others were tested in the as-compacted
conditions. Also, one test was conducted on a specimen consolidated from slurry.

The void ratio-pressure relationships from these tests are shown in Fig.F-16 and F-

17. Fig. F-16 shows results of tests on the inundated specimens, and Fig. F-17 shows the
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Fig. F-13. Contours of Modulus Number K Obtained from High
Pressure UU Tnaxial Tests for Yatesville Silty Sand
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Fig. F-14. Contours of Exponential Number n Obtained from
High Pressure UU Triaxial Tests for Yatesville Silty Sand
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Fig. F-17. Consolidation Test Results for Moist Yatesville Silty Sand - from Filz (1992)
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others. It was found that the consolidation curves the specimens that were not inundated
crossed the normally consolidation line for the inundated specimens as shown in Fig. F-17.
Filz considered that the negative pore pressures in the partially saturated specimens resist
particle movement due to applied load. It is expected also that the specimens were stiffer
as a result of aging of the specimen, as described in the previous section.

Values of constrained modulus were calculated using the results of the oedometer
tests performed on the specimens with as-compacted water contents. Filz (1992) drew

contours of constrained moduli, as shown in Fig. F-18.

Summary

Total stress strength parameters obtained from three types of tests are described in
this appendix. The values of ¢ and ¢ determined from these tests differ as a result of: (1)
strength gain due to aging, (2) confining pressure, and (3) type of test (triaxial or direct
shear). Both the low-pressure UU tests and direct shear tests should provide the strength
in a low stress range; however, it was found the strength by the low pressure UU tests
were greater than those by the direct shear tests. This difference is believed to be due
mainly to the strength gain resulting from aging of the low-pressure UU-triaxial test
specimens. The difference in the values of the strength parameters between thg low-
pressure UU tests and the high-pressure UU tests was due primarily to the differences in
degrees of saturation and pore pressures which resulted from the difference in confining
pressure. As expected from classical soil mechanics, UU strength envelopes become
flatter (¢ decreases) as confining pressure increases. There may also be differences due to
the differing ages of the low-pressure and the high-pressure test specimens, but these

differences are considered to be a secondary factor.
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It is difficult to interpret the difference in moduli obtained by the low-pressure UU
tests, the high-pressure UU tests, and the oedometer tests. Young's moduli obtained by
UU triaxial tests are undrained moduli. It is necessary to know drained moduli for
calculating Skempton's pore pressure parameter B analytically, as described in Chapter 5.
Assuming isotropic elasticity, a relationship between undrained moduli and drained moduli
for partly saturated soils can be developed. The relationship is:

E'=(1-A+2-V-A)-E, (F.2)
where

' = drained Young's modulus (pressure units),

Ey = undrained Young's modulus (pressure units), and

v' = Poisson's ratio (dimensionless),

A = Skempton's pore pressure parameter with respect to a change in deviator

stresses ( = AB) (dimensionless).

For saturated soils, assuming A= 0.33,and v'=0.3,

E'=087E, (F.3)
For dry soils (A = 0),

E'=E, (F.4)
Most cases fall between these values. Therefore, values of undrained modulus obtained
from UU triaxial tests can be considered to be approximately equal to values of drained
modulus.

Second, it is convenient to use constrained moduli for calculating Skempton's pore
pressure parameter B in one-dimensional compression, as described in Appendix D. The
relationship between effective stress Young's modulus (E') and effective stress constrained

modulus (M') can be expressed as:
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’

S V(’l)(l _,)2 VM (F.5)
-V

where

M’ = effective stress constrained moduli (pressure units).

Assuming Poisson's ratio is equal to 0.3:

E'=0.74 M

All three tests show similar trends in which values of modulus increase with
decreasing water contents. However, the values of modulus determined from the three
types of test are not the same. The values of constrained modulus obtained from the
oedometer tests are greater than the values from triaxial tests, even when the relationship
described by equation (F.5) is taken into account. The modulus values obtained from the
low-pressure UU tests are smaller than those from the high-pressure UU triaxial tests.

Modulus values increase with increasing effective confining stress. This is the
principal reason for the low values of moduli obtained by the low pressure triaxial tests.
However, the values of undrained modulus obtained from the low-pressure UU tests were
smaller than values of modulus for low stresses calculated using modulus numbers
obtained from the high pressure UU tests, especially for dry specimens. The stubby
shapes of the specimens used for the low pressure UU tests could have affected the values

of modulus derived from these tests, as could aging of the specimens.
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Appendix G

LABORATORY TESTS ON MONTEREY SAND

Description of Soil
Monterey sand #0/30 is a commercially available, clean, uniformly graded, fine to

medium coarse sand. It consists of sub-rounded to rounded grains of quartz, with a small
amount of feldspars.

K, test results and other test results have been reported for Monterey sand; for this
reason, it was an appropriate material for evaluating the performance of the instrumented
oedometer developed in this study. Sehn (1990) performed K,, instrumented oedometer
tests using a sample from the same shipment of sand as was used for this study. Milstone
(1985) reported index properties for the same sample. Muzzy (1983) also reported index
properties for Monterey sand #0/30. Wright (1969) performed K triaxial tests, and
Marachi et. al. (1969) reported strength parameters for a slightly different Monterey sand
(Monterey #20).

Particle Size Analysis
Particle size analyses were performed in accordance with ASTM D 422-63. Fig.

G-1 shows the test results. Monterey sand #0/30 is quite uniform, with about 100 percent
passing the No. 20 sieve and about 100 percent retained on the No. 70 sieve. Monterey
sand #0/30 is classified as SP by the Unified Soil Classification System. Values of C, and
C. obtained from the particle size analysis are shown in Table G-1.

Another grain size distribution curve shown in Fig. G-1 is from a test reported by
Milstone (1985). The two curves are almost identical. In addition, the values of C, and
C, obtained by Muzzy (1983) were quite similar to the values for the sample tested in this

study and the one tested by Milstone. Muzzy (1983) and Milstone (1985) reported that
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Table G-1. Index Properties for Monterey #0/30 Sand

This Study Muzzy Milstone Wright (1969)
(1983) (1985) Marachi et al.
(1969)
(Monterey #20)
Gg — 2.65 2.65 2.65
Yd max (pcf) 107.4 105.8 — 108.9
d min (pcf) 90.4 91.7 — 90.4
€max 0.829 0.803 — 0.83
€min 0.540 0.563 — 0.53
Dsq (mm) 0.45 0.45 0.45 0.55
Cy 1.56 1.60 1.37 —
Ce 1.10 1.00 0.95 —
APPENDIX G 357




the specific gravity of Monterey #0/30 is 2.65, and this value was adopted for this study.

Minimum and Maximum Densities

Minimum density tests and maximum density tests were performed in accordance
with ASTM D-4254, and ASTM D-4253, respectively. Minimum density tests were
conducted by method (A) and method (C). Method (A) provided a minimum density of
90.4 pcf, which was slightly higher than the value of 89.4 pcf obtained by method (C).
Following the recommendation in ASTM D-4254, the value of 90.4 pcf obtained by
method (A) was used in this study. The corresponding maximum void ratio is 0.829.

Maximum density tests were performed by the dry method and the wet method.
The dry method provided a higher maximum density of 107.4 pcf, which corresponds to a
minimum void ratio is 0.540.

The minimum density and the maximum density obtained in this study were slightly

different from those reported by Muzzy (1983).

Strength Parameters
The effective friction angle of Monterey #0/30 sand can be represented by the

following empirical relationship obtained by Knight (1988).
0.56 =e-tan¢' (G.1)
where
e = void ratio, and
¢' = effective stress friction angle.
The equation above was adopted by Sehn (1990), and has also been used in this

study.
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Fig. G-2 shows results of vacuum triaxial tests and consolidated undrained triaxial
tests conducted on Monterey #30 sand by Virginia Tech graduate students in the graduate
laboratory class during the 1993 spring semester. The results are in good agreement with
the form of Eq. (G.1), but with a different value of the constant (0.52 is opposed to the
value of 0.56 representing the tests performed by Knight (1988)). The difference is
probably due to the fact that a sample used by Spring, 1993 laboratory class was slightly
better graded than the samples tested by Knight and used in this study. It was reported
that both C, and C_ for the lab class sample were equal to 1.0. Therefore, Eq. (G.1) has
been used for estimating effective stress friction angles in this study.

Marachi et. al. (1969) performed triaxial tests and plane strain tests on Monterey
#20 sand. Fig. G-3 (a) shows a plot of varying effective stress friction angles with initial
void ratio for a confining pressure of 10 psi. Fig. G-3 (b) shows a plot of varying effective
stress friction angles with confining pressures. The values of ¢' estimated by Eq. (G.1) are

in good agreement with data shown in Fig. G-3 (a).
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Effective Stress Friction Angle
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[ ] Vacuum triaxial test

O CU triaxial test

Empirical Correlation
0.56 = e tan¢
(Sehn,1990)

~ Empirical Correlation
0.52 = e tang

Fig. G-2. Effective Stress Friction Angle for Monterey Sand

Fig. G-2. Effective Stress Friction Angle for Monterey Sand
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