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PREFACE

The Texas Department of Transportation (formerly the Texas State Department of Highways and Public
Transportation) has experienced significant problems with slope stability failures of embankments con-
structed of highly plastic clays. The failures generally occur a number of years (at least ten) after construc-
tion. Previous research conducted by the Center for Transportation Research showed that there was a sig-
nificant discrepancy between the long-term shear strength properties of the clays based on the results of
laboratory tests and the shear strength properties that were apparently developed in the field. Project 1195
was undertaken to understand better the reason for these discrepancies and to develop suitable procedures
for determining the long-term strength properties of highly plastic clays suitable for design of embankments.

Particular attention has been paid to the long-term effects of wetting and drying and the associated
cracking that occurs in highly plastic clays in the field. Laboratory procedures were developed and used to
simulate the effects of cracking produced by drying in the field. A theoretical model was also developed
to study the effects of drying and to determine the important parameters that might influence the effects of
cracking. Results from the theoretical studies are presented in a companion report. The current report pre-
sents the results of laboratory studies on the shear strength properties, and provides comparisons of the
results from the laboratory tests with observed field behavior of embankments that have failed.

- LIST OF REPORTS

Report No. 1195-1, “Numerical Modeling of the Response of Cylindrical Specimens of Clay to Drying,”
by Douglas O. Bell and Stephen G. Wright, presents the results of the literature review and theoretical
studies, including the development of a simple numerical model that was used to study the effects of dry-
ing rate on the development of tensile stresses and, thus, cracking in specimens that were dried.

Report No. 1195-2F, “Investigation of Long-Term Strength Properties of Paris and Beaumont Clays in
Earth Embankments,” by Mohamad K. Kayyal and Stephen G. Wright, presents the results of laboratory
studies on the shear strength properties, and comparisons of results from laboratory tests with observed
field behavior, of embankments which have failed.

ABSTRACT

Shallow slope failures in compacted highly plastic clay embankments have been a common problem
along Texas highways. Recent studies had shown that shallow slides might be the result of cyclic wetting
and drying that takes place in the field. The purpose of this study was to examine the effect of wetting
and drying on the long-term strength properties of compacted highly plastic clays. The impact of pore
water pressures on the long-term stability of earth embankments was also investigated.

Consolidated-undrained triaxial compression tests with pore pressure measurements were performed on
laboratory prepared soil specimens of clay from two embankments that experienced shallow slope fail-
ures. Triaxial test results indicated that a reduction in the effective-stress shear strength parameters oc-
curred after compacted specimens were subjected to cyclic wetting and drying in the laboratory. Triaxial
tests also showed that the long-term strength properties of compacted highly plastic clay embankments
may be measured in the laboratory by conducting strength tests on laboratory prepared, normally consoli-
dated specimens. Results obtained from X-ray diffraction analyses confirmed that normally consolidated
specimens and specimens subjected to wetting and drying had a similar clay structure.

Slope stability computations, performed for the two embankments under consideration, revealed that
the reduction in strength due to wetting and drying partially explained the observed failures. Stability
analyses also confirmed that significant positive pore water pressures may have existed at failure. Pore
water pressure conditions at failure were back-calculated for an additional 34 shallow slope failures in
Texas. The results of the stability analyses were used to establish recommendations for predicting pore
water pressure conditions at failure for design of future embankments.
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SUMMARY

Procedures were developed in which specimens were subjected to repeated cycles of wetting and dry-
ing in order to produce cracking and simulate what may occur in the field. After specimens were sub-
jected to a number of cycles (typically 20) of wetting and drying, they were tested employing consoli-
dated-undrained triaxial compression tests with pore water pressure measurements. Results of these tests
were used to determine the shear strength properties of the soil in terms of effective stresses. The shear
strength measured for the soil after wetting and drying was found to be significantly lower than the shear
strength of specimens that were not subjected to repeated wetting and drying, but rather just saturated
and sheared to failure.

Results from the laboratory tests were used to “back-analyze” a number of actual slope failures. The ef-
fects of wetting and drying on the shear strength properties were found to produce significantly lower
factors of safety. However, in order to explain the observed slope failure in the field, it was also found
necessary to assume pore water pressures that were much higher than had previously been expected. The
results of these studies indicate that the combined effect of a deterioration in strength owing to repeated
wetting and drying and high pore water pressures is the cause of the embankment failures observed in
highly plastic clays in Texas. ‘

IMPLEMENTATION STATEMENT

Future designs both for new embankments and for repair of existing embankments in highly plastic
clays (liquid limit greater than 50) should be based on a reduced strength that reflects the effects of re-
peated wetting and drying. In addition, designs should be based on the assumption of relatively high
pore water pressures (a shallow water table) near the face of the embankment.

Further work is recommended to develop simpler procedures for measuring the reduced long-term
shear strength caused by repeated wetting and drying. The procedures employed in this study are time-
consuming, typically requiring a total test duration of one month for a single specimen. Such long testing
times seem impractical and dictate simpler procedures for practical designs.

Field measurements of pore water pressure would also be useful to confirm what has been inferred
from “back-analysis.” However, it should be cautioned that such measurements of pore water pressures
may be difficult and time-consuming to make: the critical period of interest may occur only very briefly,
at intervals of several years or more.
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CHAPTER 1.

BACKGROUND

Clay embankments along Texas highways have
been prone to shallow slope failures that occur a
number of years after construction. Typical embank-
ments that have failed are constructed of highly
plastic clays, with heights ranging from 10 to 30
feet, and side slopes flatter than 2:1 (horizontal:
vertical). Such embankments have typically failed
during a period of 10 to 30 years after construction.
Failures are characterized by a shallow slip surface
which rarely exceeds 5 to 7 feet in depth.

In 1982, research was initiated at The University
of Texas at Austin to investigate the cause of these
shallow slope failures. Stauffer and Wright (1984)
back-calculated the effective-stress shear strength
parameters from a number of embankment slides,
assuming zero pore water pressures at failure.
Gourlay and Wright (1984) measured the effective-
stress shear strength parameters for laboratory com-
pacted soil specimens from an embankment slide in
Houston, Texas. Results obtained from the two
studies indicated that a significant discrepancy ex-
isted between the laboratory measured and the
back-calculated strength parameters; a significant
cohesion intercept was measured in the laboratory,
while negligible cohesion value was back-calculated
for the field. Green and Wright (1986) measured ef-
fective-stress shear strength parameters for undis-
turbed soil specimens taken from the same Houston
embankment investigated by Gourlay and Wright
(1984). Laboratory test results by Green and Wright
(1986) again confirmed the existence of a signifi-
cant cohesion intercept for the shear strength enve-
lope. Further studies by Rogers and Wright (1986)
and by Kayyal (1986) identified cyclic wetting and
drying in the field as a process that might explain
the discrepancy between the laboratory measured
and the back-calculated shear strength parameters.

RESEARCH OBJECTIVES

The objectives of the current study were to in-
vestigate the source of the discrepancy between
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the laboratory measured and the back-calculated
effective-stress shear strength parameters for a
number of embankment slides in Texas. The re-
search was divided into two parts. In the first part,
the effect of cyclic wetting and drying on the be-
havior of compacted highly plastic clays was in-
vestigated. In the second part, the impact of the
pore water pressure conditions in embankments at
failure was examined.

ORGANIZATION

The laboratory investigation of the effects
of wetting and drying on soil properties are pre-
sented in Chapters 2 through 6. The location,
history, and material properties for two embank-
ment slopes that experienced slides and were
selected for study are presented in Chapter
2. The apparatus and laboratory procedures de-
veloped for subjecting compacted specimens to
cyclic wetting and drying are described in Chap-
ter 3. The effect of cyclic wetting and drying on
the effective-stress shear strength envelopes of
compacted clay specimens is presented in Chap-
ter 4. A comparison between the consolidation
and shear strength properties of specimens sub-
jected to wetting and drying and those of nor-
mally consolidated specimens is presented in
Chapter 5. The effect of wetting and drying
on clay particle orientations is examined in
Chapter 6.

The impact of pore water pressure conditions
on the long-term stability of embankments in
examined in Chapters 7 and 8. In Chapter 7,
the effect of reduced shear strength caused by
wetting and drying on long-term stability is
examined, and pore water pressures are back-
calculated for the primary embankments under
consideration. In Chapter 8, pore water pressure
conditions are back-calculated for a number of
additional embankments to establish recommen-
dations for design. In Chapter 9, a summary,
conclusions, and recommendations for future
work are presented.



CHAPTER 2. PHYSICAL PROPERTIES AND MINERALOGICAL
COMPOSITION OF EMBANKMENT SOILS

INTRODUCTION

Two embankments were selected for detailed
study. The embankments are briefly described in
this chapter. A quantity of soil was obtained from
each embankment for testing. The index proper-
ties, mineralogical composition, and elemental
constituents determined for the soils are also in-
cluded in this chapter.

DESCRIPTION OF SITES

The two embankments selected for study are
located in District 1 (Paris) and in District 12
(Houston) of the Texas State Department of
Highways and Public Transportation (SDHPT).
Both embankments were constructed of highly
plastic clays, and both have experienced sliding
in the past.

The Paris Embankment

The Paris embankment is part of Loop 286
near the crossing of the Missouri Pacific (T&P)
railroad. The embankment was constructed in
1966. A map with the location of the embank-
ment is shown in Figure 2.1. The embankment is
approximately 20 feet high, with a 3:1 side slope
(horizontal:vertical) in the vicinity of the slide. In
1984, the west side of the embankment failed.
The soil that slid was subsequently lime stabilized
and was compacted in place with Tensar rein-
forcement. In 1987, the west side of the slope
failed again. The depth of the slide and the
length of slide (in the direction parallel to the
highway) were estimated by SDHPT personnel to
be approximately 5 feet and 75 feet, respectively.
The sliding soil was reworked and compacted in
place. In 1990, both the east and west sides of
the Paris embankment appeared to be on the

verge of failure. This condition was manifested by
the formation of cracks parallel to the length of
the slope and by evidence of rolls and dips near
the toe of the slope.

Soil samples were obtained from the east side
of the embankment at a depth of approximately 3
feet below the surface. The east side was chosen
because lime had been added previously to the
soil on the west side. Initially, a block sample
was obtained from the west side of the embank-
ment at a depth of 3 feet (prior to knowing that
the soil was mixed with lime). When the block
sample was brought to the laboratory, it crumbled
into small fragments, showing the presence of fis-
sures and cracks in the soil.

The Houston Embankment

The Houston embankment is located on Loop
610 and Scott Street (see map, Fig 2.2). The em-
bankment was built in 1966. The embankment
was constructed of common roadway excavation
and fill material which consisted mainly of a clay
referred to locally as “Beaumont Clay.” The
height of the embankment is approximately 19
feet, with side slopes varying from 2.4:1 to 2.6:1
in the vicinity of the slide. In 1983, the northeast
side of the embankment failed. The depth of
slide was estimated by Stauffer and Wright (1984)
to be approximately 4 feet. The soil was re-
worked and compacted in place; no additives
(e.g., lime) were used in the repair. Concrete rip-
rap was also cast on the surface of the slope. In
1989, the northeast side of the embankment failed
again following a period of heavy rain. The fail-
ure caused the concrete rip-rap to fracture later-
ally along the length of the slope. The depth of
the slide was estimated to be 6 feet, and the
length of the slide (in the direction parallel to the
highway) was approximately 70 feet.
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Figure 2.2  Location of the Houston Embankment Slope Failure



Soil samples were obtained from the Houston
embankment soon after it failed in 1989. The
soil was excavated from the exposed sliding sur-
face before remedial work was started. The soil
that slid was recompacted in place, and con-
crete rip-rap was recast on the surface of the
slope.

PHYSICAL PROPERTIES OF THE
EMBANKMENT SOILS

Index properties and compaction moisture den-
sity relationships were determined for both the
Paris and the Houston embankment soils and are
presented in this section.

Index Properties

Atterberg Limits, specific gravity, and grain size
distributions were determined for both the Paris
and Beaumont clays. The activities were also com-
puted. Index properties were determined accord-
ing to ASTM (American Society for Testing and
Materials) specifications (ASTM, 1989); the relevant
ASTM Standards are D4318 for the Liquid and Plas-
tic Limits, D427 for the Shrinkage Limit, D854 for
specific gravity, and D422 for particle size analy-
ses. Index properties are summarized in Table 2.1.

Atterberg Limits

Atterberg Limits were determined for an air-dry
fraction of soil passing the No. 40 sieve. Both soils
possess Liquid Limits exceeding 70 and Plasticity
Indices over 50 (Table 2.1), and both classify as
highly plastic (CH) according to the Unified Soil
Classification system.

Table 2.1 Index properties for the Paris and
Beaumont clays

Index Parameters  Paris Clay Beaumont Clay
Test site Paris, Texas  Houston, Texas
Soil color Yellow Red
Liquid limit (LL) 80 73
Plastic limit (PL) 22 21
Shrinkage limit (SL) 11 10
Plasticity index (PI) 58 52
Specific gravity (Gg) 2.72 2.70
Activity 1.0 11
Unified soil CH CH

classification symbol

Specific Gravity

Specific gravity measurements were performed
for an air-dry fraction of soil passing the No. 10
sieve. Three measurements were obtained for each
of the two soils. The specific gravities varied from
2.71 to 2.74 for the Paris clay and from 2.68 to 2.71
for the Beaumont clay. The average of these mea-
surements for each soil is reported in Table 2.1.

Grain Size Analyses

Sieve analyses were conducted on portions of
soil retained on the No. 10 sieve; hydrometer tests
were performed on portions passing the No. 10
sieve. At the end of a hydrometer test, the propor-
tion of soil retained on a No. 200 sieve was deter-
mined.

Grain size distributions for the Paris and the
Beaumont clays are presented in Figure 2.3. Less
than 8 percent of the Paris soil consists of sand
sizes (coarser than the No. 200 sieve; opening
0.075 mm), whereas approximately 12 percent of
the Beaumont soil consists of sand sizes. The grain
size distribution curves also indicate that 59 per-
cent of the Paris soil is clay sized (finer than 0.002
mm) and that 46 percent of the Beaumont soil is
clay sized.

Activities

Activities, defined as the ratio of the Plasticity
Index of the soil to the percentage by weight of
soil finer than 0.002 mm, were detemmined for the
Paris and the Beaumont clays. Results in Table 2.1,
indicate that the activities of both soils exceed 1.0.

Moisture Density Relationships

A series of Standard Proctor compaction tests
was performed using ASTM D698 procedures
(ASTM, 1989), which called for using the air-dry
fraction of soil passing the No. 10 sieve. The mois-
ture density curves are shown in Figure 2.4 for the
Paris clay and in Figure 2.5 for the Beaumont clay.
The data obtained by Gourlay and Wright (1984)
for the Beaumont clay are also shown in Figure
2.5. The maximum dry density is approximately 93
pef for the Paris clay and 101 pcf for the Beau-
mont clay. The optimum moisture content is ap-
proximately 27 percent for the Paris clay and 23
percent for the Beaumont clay.
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MINERALOGICAL COMPOSITION OF THE
EMBANKMENT SOILS

X-ray diffraction methods were used to identify
the clay minerals in the Paris and Beaumont clays.
The X-ray diffraction studies are presented in this
section.

Principle of X-Ray Diffraction

The basic principle underlying the identification
of clay minerals by X-ray is that each crystalline
substance has its own characteristic atomic struc-
ture which diffracts X-rays in a characteristic pat-
tern. When an X-ray beam strikes a crystal, at each
atomic plane, a minute portion of the beam is
scattered by individual atoms that then oscillate as
dipoles and radiate in all directions. Radiation in
certain directions will be in phase and can be in-
terpreted in a simplistic fashion as a wave resulting
from a reflection of the incident beam. This condi-
tion is expressed by Bragg's Law:

nA = 2dsinb
where d is the spacing of the atomic planes, 4 is
the wave length of the X-rays, 8 is the angle of
diffraction, and n is the order of diffraction which
may assume a value of any whole number.

Evaluation of X-Ray Powder Diagrams

The basic data from an X-ray powder diagram
consists of two quantities: the spacings between
the planes of atoms in the crystal (d), and the in-
tensities of the X-ray reflections from the corre-
sponding planes. These two quantities are known
for many crystalline materials, and have been pub-
lished by the Joint Committee for Powder Diffrac-
tion Standards (CPDS, 1989). Identification of
minerals is accomplished by matching the experi-
mentally determined spacing and intensity values
with the published values. More than one crystal-
line component is generally present in a sample,
and difficulty is often experienced in assigning sets
of powder lines to particular components. It is for
this reason that auxiliary pre-treatments and other
analytical methods are frequently used in clay-min-
eral identification.

Experimental Procedures

X-Ray diffraction is particularly well suited for
the identification of clay mineral groups because
clay groups have similar silica sheet structures, but
they differ in interlayer spacing. For that reason,
the (00D spacings determined from X-ray

diffraction diagrams are characteristic for clay min-
eral groups. To identify the clay mineral groups in
the Paris and Beaumont clays, oriented clay par-
ticles were sedimented onto glass slides by air dry-
ing from dilute suspensions. In oriented X-ray
powder diffraction, the intensities of the (00 di-
agnostic lines are accentuated, while the non-
diagnostic (hkl) lines are almost eliminated from
the pattern. The glass slide with the sedimented
clay could be inserted directly into a Philips type
X-ray diffractometer. X-ray diffraction scanning wus
conducted for 20 angles ranging from 2 degrees to
60 degrees. The angular velocity of the detector
was set at 2 degrees per minute, while the effec-
tive step size of the run was fixed at 0.05 degrees.
The oriented powder X-ray diagrams are shown in
Figure 2.6 for the Paris clay and in Figure 2.7 for
the Beaumont clay. The mineralogical composition
for both clays are identified on the diffraction dia-
grams along with the corresponding spacings (d).

Additional X-ray diffraction analyses were per-
formed on ethylene-glycol-treated samples. The
purpose of these analyses was to confirm the pres-
ence of montmorilionite in the Paris and the Beau-
mont clays. In this procedure, a glass slide with a
sedimented clay suspension is subjected to ethyi-
ene glycol vapor at room temperature for a period
of 24 hours. Ethylene glycol is a low-volatility lig-
uid miscible with water. The resulting X-ray pow-
der diagrams indicated that the observed (001)
first-order basal reflections had shifted from 14.5 A
to 17.7 A for both clays. This shift in the spacing
(d) it typical of montmorillonites that have been
treated with ethylene glycol, and it confirms that
the Paris and Beaumont clays are -expansive in na-
ture (Dixon and Weed, 1989).
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The mineral constituents that were identified in
the Paris and Beaumont clays consist of calcium
montmorillonite, mica, illite, kaolinite, quartz, and
plagioclase feldspars. Calcium carbonate was iden-
tified only in the Beaumont clay and could not be
found in the Paris clay.

The presence of calcium carbonate was con-
firmed by treating samples from the Paris and
Beaumont clays with hydrochloric acid (HCD.
Samples of Paris clay did not react when treated
with the acid, while samples of Beaumont clay
fizzed upon contact.

ELEMENTAL CONSTITUENTS OF THE
EMBANKMENT SOILS

The elemental constituents of the minerals in
the Paris and Beaumont clays were identified by
means of qualitative X-ray microanalysis. The pur-
pose of these analyses was to identify elements in
the clay minerals that were present in various crys-
tallographic sites because of isomorphous substitu-
tion of elements. The principle of this method,
and the experimental procedures and test results,
are presented in the following section.

Qualitative X-Ray Microanalysis

Qualitative X-ray microanalysis is often used for
identification of elements present in various mate-
rials. X-ray microanalysis is performed using a
scanning electron microscope (SEM). Elements are
typically identified by means of an energy disper-
sive spectrometer detector (EDS). Because of the
limitations of this detector, elements recognized
are restricted to those with atomic numbers higher
than sodium (Na). As a result, oxygen, an element
lower than sodium on the atomic scale, cannot be
identified in this test.

Principle

Qualitative X-ray microanalysis is based on the
principle that when an atom of an element is
bombarded with an electron beam, the atom pro-
duces intense X-rays characteristic of this element.
The X-rays are emitted following the ejection of an
electron from an inner shell by the electron beam,
and the substitution of an electron from the outer
shell for the ejected electron. The inter-shell elec-
tron transitions in the bombarded atom are accom-
panied by the release of excess energy that lies in
the X-ray range of the electromagnetic spectrum.

Experimental Procedures

Qualitative. X-ray microanalysis was performed
in a scanning electron microscope (SEM). The mi-
croscope was linked to a computer-based multi-
channel analyzer that recognizes the specific en-
ergy of the characteristic X-ray peaks for each
element. An energy dispersive X-ray spectrometer
(EDS) was employed to observe the relative peak
heights for the family of X-ray lines emitted from
the clay specimens.

The soil specimens used for the analyses con-
sisted of air-dried flakes of random shapes with di-
mensions not exceeding 0.2 inches. The flakes were
obtained by sedimenting a thick soil suspension on
a glass slide. The soil water evaporated, and a thin
solid clay crust dried on the glass slide. The crust
was broken into flakes of random shapes, and the
flakes were placed on a 0.75-inch diameter solid
graphite cylinder. The graphite was fixed to a
holder and inserted in the SEM for analysis. The soil
flakes were located on a visual screen, and mea-
surements of X-ray peak intensities from the indi-
vidual flakes were obtained with the EDS detector,
which determined the spectrum input counts of the
emitted X-rays per second. The specific energy



(reported in Kev) for each of the characteristic X-ray
lines was determined using the emitted wave length.

Typical plots of the measured characteristic X-
rays are shown in Figure 2.8 for the Paris clay and
in Figure 2.9 for the Beaumont clay. The elements
corresponding to the X-ray peaks are identified on
these plots. All the elements present in the Paris
clay were also found in the Beaumont clay, except
Chlorine (CD), whose peak could not be identified
from the characteristic X-ray lines of the Paris clay.
The elemental constituents include magnesium
(M@, aluminum (Al), silicon (Si), chlorine (CD), po-
tassium (K), calcium (Ca), titanium (Ti), and iron
(Fe). larger amounts of calcium were measured in
the Beaumont clay than in the Paris clay. This dis-
crepancy is due to the presence of calcium car-
bonate in the Beaumont clay. Calcium carbonate
was not found in the Paris clay.

-g 5,000’- Al

S ,

3 4,000t QIS,

= 3,000} l l Fe

Q.

) 2,000F' t K

2 1000f Md | NS Fe

M B S —
T 5 4 5 6 7 8§ 9 10

Specific Energy {Kev)

Elemental constituents for the Paris
clay based on X-ray microanalyses
resuits

Figure 2.8

EVALUATION OF THE CHANGE IN THE
MATERIAL PROPERTIES OF THE PARIS CLAY

A study was conducted to evaluate the change
in properties of the Paris clay from the time of
construction to the time of failure. Soil samples
were obtained for the study from the original
borrow site, which was used to construct the
Paris embankment in 1966. Laboratory tests were
conducted to evaluate the physical, chemical,
mineralogical, elemental, and soil strength prop-
erties.

Test results are presented in Appendix A. Re-
sults indicate that the material properties were
similar for Paris clay samples obtained from a
depth of 3 feet below the top of the embankment
and those obtained from a depth of 10 feet below
the ground surface of the borrow pit.
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CHAPTER 3. THE WETTING AND DRYING PROCESS

INTRODUCTION

The potential impact of wetting and drying on
the development of shallow slope failures in em-
bankment fills was identified in an earlier study by
Rogers and Wright (1986) and by Kayyal (1986). In
the current study, the effects of cyclic wetting and
drying on the long-term strength and structure of
compacted Paris and Beaumont clay specimens
were investigated further. Prior to examining the
effects of wetting and drying, it was necessary to
devise an appropriate laboratory procedure for re-

producing the effects of wetting and drying in the

field.

In this chapter, the laboratory process for wet-
ting and drying is presented. The apparatus and
procedures for wetting and drying are both de-
scribed. The wetting and drying apparatus consists
of a soil specimen holder, a water bath, and an
oven. The procedure for preparing compacted soil
specimens is also presented. Establishment of the
number of cycles of wetting and drying, and the
duration for each cycle, are also discussed.

THE WETTING AND DRYING APPARATUS

Research on the development of the wetting
and drying apparatus was initiated in an earlier
study by Kayyal (1986). A holder was developed
for subjecting laboratory 1.5-inch-diameter soil
specimens to repeated cycles of wetting and dry-
ing. In the current study, further modifications
were made to improve the design of the specimen
holder.

The Specimen Holder

The specimen holder is sketched in Figure 3.1.
The holder consists of a loosely wrapped 2-inch-
diameter cylindrical stainless steel wire mesh
screen with 0.075-millimeter openings (sieve No.
200). The wire mesh is 6 inches long, and is con-
strained to its cylindrical shape at the top, middle,
and bottom by acrylic plastic rings. The base that

supports the soil specimen in the holder is com-
posed of a No. 40 stainless steel wire screen over-
laid by a filter paper, and covered by a No. 200
wire screen. The base is secured between two
rings and three threaded stainless steel rods. One
of the three rods extends to the top acrylic ring,
and serves to support the top ring as well as pro-
viding a2 handling arm for moving the specimen
holder between the oven and water.

The specimen holder with its cylindrical screen
permits free exposure of the soil surface to wet-
ting and drying while retaining a specimen with a
shape suitable for subsequent triaxial testing. With
its 2-inch inside diameter, the screen allows the
1.5-inch-diameter specimen to swell to a radial
strain of approximately 33 percent.

The holder is also designed to reduce possible
disturbance to the soil when it is subsequently set
up for triaxial testing. For that purpose, the cylin-
drical screen can be freely unwrapped from
around the soil specimen, which facilitates the set-
up of the specimen for shear testing.

The Wetting Equipment

The equipment used for wetting soil specimens
consists of 1,000-milliliter containers filled with dis-
tilled water, each of which is large enough to en-
close a specimen holder. Distilled water was used
because of a study conducted by Liljestrand et al
(1986), who showed that the chemical properties
of rain water in the areas known for their slope
stability problems in Texas are similar to the
chemical properties of distilled water. The use of
distilled water was also justified by the fact that
salty water would result in significant concentra-
tion of salts in the soil. This process occurs be-
cause salts would enter the soil specimen with the
water during wetting, but could not diffuse back
into the surrounding solution when the specimen
is separated from the water solution for drying. As
a result, salts accumulate in the soil with further
cycles of wetting and drying. A water container
and specimen holder are shown in Figure 3.2.












reach an equilibrium moisture content that
would not change appreciably with time if the
soil was allowed to remain submerged longer.
To determine the necessary time for wetting,
fourteen specimens of both Paris clay and Beau-
mont clay were compacted. The specimens were
1.5 inches in diameter and 3 inches high (the 3-
inch-high mold was used). The specimens were
submerged in water for approximately 2 days
until no further change in their weight was ob-
served. The specimens were then dried in an
oven at a temperature of 60°C until soil moisture
evaporation had ceased. The fourteen specimens
were then soaked in water for various periods
varying from 0.1 to 2880 minutes (48 hours). At
the end of the wetting period, each specimen
was removed from water, and the screen was
unwrapped from around the specimen. The
moisture content of the entire specimen was
then measured. :

Plots of moisture content versus wetting time
are shown in Figure 3.6 for the Paris clay and in
Figure 3.7 for the Beaumont clay. The measured
moisture contents indicate that a large increase in
soil moisture occurred during the first 10 minutes
of wetting. Subsequent increase in moisture oc-
curred at a much slower rate, and eventually stabi-
lized after approximately 1,000 minutes for the
Paris clay and 800 minutes for the Beaumont clay.
Based on these results, it was concluded that a 24-
hour wetting period was suitable. At the end of
this period, no significant increase in the amount
of moisture absorbed by the soil should be ex-
pected. At such time, the moisture content for the
Paris clay (LL=80) was approximately 70 percent,
and the moisture content for the Beaumont clay
(LL=73) was approximately 50 percent.
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Duration of the Drying Cycle

The duration of the drying cycle was also se-
lected based on the time necessary for a typical
specimen to reach an equilibrium moisture con-
tent. Fourteen additional specimens each of Paris
clay and Beaumont clay were prepared. The
specimens were 1.5 inches in diameter and 3
inches high. The specimens were first subjected
to one cycle of wetting and drying (wetting, dry-
ing, and rewetting). Wetting was conducted for
24 hours, drying was maintained until soil mois-
ture- evaporation had ceased (approximately 2
days), and rewetting was done for an additional
24 hours. The specimens were subsequently
placed in an air convection oven set at a tem-
perature of 60°C and containing no more than 3
specimens at one time. Specimens were dried for
various periods ranging from zero to 72 hours. At
the end of each drying period, the specimen was
removed from the oven, and the screen was un-
wrapped from around the specimen. The mois-
ture content of the entire specimen was then
measured.

Plots of the moisture content versus drying
time are presented in Figure 3.8 for the Paris clay
and in Figure 3.9 for the Beaumont clay. The
measured moisture contents indicate that the
moisture decreases rapidly at first, and then oc-
curs at a much slower rate. After approximately
1,000 minutes, very little change occurs. After 24
hours of drying, moisture contents varied from 3
to 4 percent for both clays. Based on these re-
sults, it was decided that specimens would be
dried for 24 hours.
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Number of Cycles

The final variable that needed to be addressed
for establishing the wetting and drying procedure
was the number of cycles wetting and drying. Ac-
cording to Osipov et al (1987), cyclic wetting and
drying results in a state of equilibrium moisture in
soils - which does not depend on the initial soil
density, moisture, or scheme of cyclic wetting and
drying adopted. The equilibrium moisture is a
function of the soil composition and of changes in
soil-water chemistry occurring during wetting. To
investigate the effect of the number of cycles of
wetting and drying, a number of specimens were
prepared at different densities, moisture contents,
and degrees of saturation. Specimens were pre-
pared both by compaction and by consolidation
from a slurry (procedures for consolidation of
specimens from a slurry are included in Chapter
Five). The specimens were subjected to from 1 to
35 cycles of wetting and drying. At the end of the
last wetting cycle, the moisture content and degree
of saturation were determined by measuring the
specimen weight, and volume.

The measured moisture contents and degrees
of saturation are plotted versus the number of
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wetting and drying cycles for the Paris clay speci-
mens in Figures 3.10 and 3.11 and for the Beau-
mont clay specimens in Figures 3.12 and 3.13, re-
spectively. For each specimen, there are two
points shown: one (at zero cycles) representing
initial conditions, and the other (at a cycle greater
than zero) representing the condition after wet-
ting and drying. It can be seen that the final
equilibrium moisture content and degree of satu-
ration after wetting and drying were largely inde-
pendent of the initial moisture content and de-
gree of saturation. In addition, for specimens
which were subjected to approximately three
cycles of wetting and drying or more, the final
moisture content and degree of saturation were
also independent of the number of wetting and
drying cycles. The equilibrium moisture contents
were approximately 70 percent for the Paris clay
(Figure 3.10) and SO percent for the Beaumont
clay (Figure 3.12). The respective liquidity indices
for these moisture contents are 0.83 and 0.56. It
can be seen that the final degree of saturation for
the Paris clay specimens reached 100 percent af-
ter approximately three cycles of wetting and dry-
ing (Figure 3.11). In contrast, the final degree of
saturation for the Beaumont clay specimens did
not exceed 85 to 90 percent regardiess of the
number of cycles of wetting and drying. This was
possibly due to air bubbles getting trapped within
the soil, although some specimens were initially
fully saturated. Based .on these results, it appears
that the wetting and drying process caused the
soil specimens to achieve a state of moisture
equilibrium, regardless of the initial moisture con-
tent, after approximately three cycles of wetting
and drying.

Prior to selecting the number of wetting and
drying cycles to be employed in the subsequent
laboratory tests, consideration was given to the is-
sue of generating a fragmented clay structure in
the laboratory to reproduce the cracking network
typically observed in the field. Visual observations
recorded during the wetting and drying experi-
ments indicated that the orientation pattern and
position of cracks would vary for each specimen
and would vary from one cycle to another. A
gradual breakdown in soil aggregates was ob-
served as the number of cycles increased. The
breakdown was observed to progress for approxi-
mately ten to fifteen cycles of wetting and drying.
Based on these visual observations, twenty cycles
of wetting and drying were selected for the subse-
quent testing. Twenty cycles were chosen because
it was observed that no further breakdown in soil
aggregates would occur after these cycles, and be-
cause cracks had propagated in all orientations as
viewed from the top of the specimens.
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CHAPTER 4.

EFFECTS OF WETTING AND DRYING ON

LONG-TERM STRENGTH OF COMPACTED CLAY SPECIMENS

INTRODUCTION

A series of consolidated-undrained triaxial com-
pression tests with pore water pressure measure-
ments was performed on specimens which were
subjected to cyclic wetting and drying following
the procedures described in Chapter 3. Tests were
performed on specimens of both Paris and Beau-
mont clays. The purpose of these tests was to de-
termine the effects of wetting and drying on the
shear strength properties. To provide a basis for
determining the effects, additional tests were per-
formed on specimens tested in their as-compacted
condition, without wetting and drying.

The strength tests were performed to determine
long-term strength properties corresponding to
drained strengths and characterized by effective
stress failure envelopes. Consolidated-undrained
(CU) tests with pore pressure measurements were
chosen for determmining the effective-stress shear
strength properties because the tests required
somewhat less time to perform than consolidated-

drained (CD) tests. Past experience has shown that -

the two test procedures (CU and CD) provide es-
sentially identical effective-stress shear strength en-
velopes; one consolidated-drained test was per-
formed in this study to confirm this.

PREPARATION OF SPECIMENS FOR TESTING
IN AS-COMPACTED CONDITION

Triaxial specimens tested in the as-compacted
condition were prepared following the procedures
described in Chapter 3. The moisture content, total
weight, and volume of compacted specimens were
measured prior to set-up in the triaxial cell. The
dry unit weight was calculated using the measured
total unit weight and moisture content.

SAMPLING OF SPECIMENS SUBJECTED TO
WETTING AND DRYING

Wetting and drying was conducted following the
procedures described in Chapter 3. Five-inch-high
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compacted specimens were subjected to wetting
and drying in the special specimen holders. At the
end of twenty cycles of wetting and drying, the
specimens were approximately 3.5 inches high and
2 inches in diameter (see Figure 3.5). After the
wetting and drying, the specimens were trimmed
to a diameter of 1.5 inches and a height of 3
inches for triaxial testing.

To trim the specimen, a 5-inch-long stainless
steel tube, with a sharp cutting edge was used.
The tube is 1.5 inches in inside diameter, with a
0.1-inch wall thickness. The area ratio of the sam-
pling tube was 28 percent. This high area ratio
was not believed to be significant because the
specimen was not laterally constrained during sam-
pling (the cylindrical screen in the specimen
holder was removed prior to sampling). The tube
was pushed slowly into the soil specimen until it
reached the bottom of the specimen. Soil on the
exterior of the sampling tube was removed, and
the end of the soil inside the tube was trimmed
flush with the bottom of the tube. A filter paper
was placed on the trimmed surface, ind the speci-
men was positioned on top of a 1.49-inch-diameter
acrylic plastic rod as shown in Figure 4.1. The
tube was slid down the acrylic rod to the level
where the soil remaining inside the tube was ap-
proximately 3 inches high. Typically, approxi-
mately 0.3 to 0.5 inches of soil had been extruded
from the top of the sampling tube at this stage.
The tube was fixed at that level for trimming the
extruded soil. The tbe was fixed in place with a
peg that fit into holes drilled transversely into the
acrylic rod on which the specimen rested. The ex-
truded soil was removed from the top of the
specimen by trimming flush with the top of the
sampling tube. A filter paper was placed on top of
the specimen. The peg was removed, and the tube
was slid down further until the specimen was
completely extruded, as shown in Figure 4.2. The
sampling tube was pushed in the same direction
relative to the soil during the sampling and extru-
sion of the specimen. The extruded specimen was
subsequently transferred to the triaxiul cell by
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Figure 4.3 Effective stress path curves for
1.5-inch diameter Beaument clay
specimens and for a 3.0-inch
diameter specimen sampled with the
1.5-inch diameter sampling tube

Table 4.1  Comparison of triaxial data for
trimmed and untrimmed specimens

Test Moisture Content  Strain  _
Number (%) (%)  A- Coefficient
3-inch-diameter specimen (trimmed)

$51.04 43.2 5.9 0.86
1.5-inch-diameter specimen (untrimmed)

$53.04 425 6.0 0.80

Specimens were back-pressure saturated prior
to isotropic consolidation to the final effective
consolidation pressure. For tests with a final effec-
tive consolidation pressure of 5 psi or less, the ef-
fective consolidation pressure used during back-
pressure saturation was typically 1 psi lower than
the final effective consolidation pressure. For tests
with a final effective consolidation pressure higher
than 5 psi, the effective consolidation pressure
used during back-pressure saturation was 5 psi.

Specimens were consolidated to effective
stresses ranging from 1 to 35 psi. The relatively
low pressures were chosen to represent the low
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overburden pressures typically acting along the
shallow slide surfaces which were of interest.

The deformation rates used to shear the Paris
and Beaumont clay specimens were 0.0009 and
0.0047 inches per hour, respectively. For a 1 per-
cent axial strain at failure, these loading rates
would result in failure of Paris clay specimens in
approximately 900 minutes, and in failure of Beau-
mont clay specimens in approximately 300 min-
utes. These times to failure are significantly greater
than the theoretical times calculated based on the
triaxial consolidation data. The theoretical times to
failure were approximately 45 minutes for the
Paris clay and 30 minutes for the Beaumont clay.
Thus, the applied deformation rates were slow
enough to ensure the equalization of the pore wa-
ter pressures along the height of the specimens.
Furthermore, since effective stress path tangency
was of interest for the current study, the deforma-
tion rates were believed to be even more adequate
because effective stress path tangency occurred
later than peak principal stress difference.

TRIAXIAL CONSOLIDATION RESULTS

Moisture contents and dry unit weights of Paris
and Beaumont clay specimens, at the time of set-
up and at the end of consolidation are tabulated
in Table 4.2. The prefix letters “C” and “W” in the
test names designate specimens in an as-com-
pacted condition and after wetting and drying,
respectively. The numbers after the decimal point
in the test names represent the effective consolida-
tion pressure applied at the end of consolidation.
The numbering system used for the triaxial tests
is explained in Appendix C. Dry unit weights
were computed for the compacted specimens at
the time of set-up for the triaxial tests. However,
the dry unit weights could not be calculated
for the specimens which were subjected to wet-
ting and drying because representative moisture
content measurements could not be obtained. Dry
unit weights at the end of consolidation (and dur-
ing shear) were calculated for all specimens based
on the measured moisture contents at the end of
testing, and assuming 100 percent saturation after
undrained shear.



Table 4.2 Triaxial specimen properties at set-up and at end of consolidation for the Paris and
Beaumont clays
Test Soil At Set-Up At End of Consolidation
Number Type ©c (%)  Yd (pch) @c (%) ¥d (pcf)
C20.35 Paris 26.5 89.8 34.7 87.4
C22.12 Paris 26.7 88.8 38.7 82.7
C23.23 Paris 25.3 87.4 36.6 85.0
C25.015 Paris 273 89.7 45.0 76.3
C26.01 Paris 28.4 88.7 45.8 75.5
C27.05 Paris 264 89.6 41.7 79.6
W40.08 Paris NA NA 44 .4 76.9
W41.12 Paris NA NA 40.9 80.4
W42.20 Paris NA NA 36.8 84.8
W43.04 Paris NA NA 51.6 70.6
W44.30 Paris NA NA 35.6 86.3
W45.02 . Paris NA NA 56.5 66.9
C70.08 Beaumont 223 101.0 26.5 100.4
C71.25 Beaumont 21.8 1025 239 1029
C72.02 Beaumont 21.6 102.1 276 97.5
C73.05 Beaumont 213 102.0 258 100.0
C74.16 Beaumont 22.7 100.8 24.2 102.6
C75.03 Beaumont 245 98.2 27.5 97.2
W60.07 Beaumont NA NA 29.4 94.7
W61.20 Beaumont NA NA 239 103.1
W62.03 Beaumont NA NA 325 90.4
W63.12 Beaumont  NA NA 26.0 99.6
W64.30  Beaumont NA NA 221 106.2
W65.02 Beaumont NA NA 35.2 87.0

- Numbers after decimal points represent the applied effective consolidation

pressures.

- Letters C and W in test names designate specimens in as-compacted
condition, and after wetting and drying, respectively.

The variation in the final moisture contents with
the effective consolidation pressures is shown in
Figure 4.4 for the Paris clay and in Figure 4.5 for
the Beaumont clay. It can be seen from these plots
that, at low effective stresses (which are of interest
for the current study) the moisture contents for the
specimens tested in the as-compacted condition
were lower than the moisture contents for the
specimens which were subjected to wetting and
drying. The differences between the two sets of
moisture contents are evident for both the Paris
and the Beaumont clays. The difference in mois-
ture content decreases as the effective consolida-
tion pressure acting on the soil increases.

TRIAXIAL SHEAR TEST RESULTS

‘ Axial stress-strain curves, effective stress paths,
and modified Mohr-Coulomb failure envelopes

were plotted and examined for specimens tested
in the as-compacted condition, and for speci-
mens subjected to wetting and drying. Triaxial
shear test data including axial strains (¢), effec-
tive consolidation pressures (G3), principal stress
differences (03—03), principal stress ratios
(07/03), and A coefficients are tabulated in
Appendix C.

Stress-Strain Curves

The variation in the principal stress difference
(07-03) with axial strain (¢) for the Paris clay is
shown in Figure 4.6 for specimens which were
tested in the as-compacted condition and in Figure
4.7 for specimens which were subjected to wetting
and drying. The corresponding curves for the
Beaumont clay specimens are shown in Figures 4.8
and 4.9, respectively.
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Figure 4.9

The stress-strain curves for the Paris clay indi-
cate that the principal stress difference decreases
slightly at strains beyond the peak principal stress
difference. The decrease in principal stress differ-
ence is relatively small for all specimens (10 to 25
percent of the peak stress difference). The decrease
in principal stress difference is also similar for
specimens tested in the as-compacted condition, as
well as for specimens subjected to wetting and dry-
ing. The stress-strain curves for the Beaumont clay
also indicate that the undrained stress-strain behav-
ior for the as-compacted specimens is similar to
that of the specimens which were subjected to wet-
ting and drying. The decrease in principal stress
difference at large strains for the Beaumont clay is
relatively insignificant (less than 10 percent).

Effective Stress Paths and Failure
Envelopes

Effective stress paths were plotted in terms of
principal stress difference (g;-03) versus the mi-
nor principal effective stress (03). The effective
stress paths for the Paris clay are shown in Fig-
ure 4.10 for specimens tested in the as-com-
pacted condition, and in Figure 4.11 for speci-
mens which were wetted and dried. The
corresponding plots for the Beaumont clay speci-
mens are shown in Figures 4.12 and 4.13, respec-
tively. Also shown on these plots are the modi-
fied Mohr-Coulomb failure envelopes drawn
approximately tangent to the effective stress
paths (stress path tangency).

w
O
1

L x C20.35

25 u C22.12
N C23.23

201 a C25.015
e C27.05

O

th

1 1 ] L 1
5 10 15 20 25 30 35 40
Minor Principal Effective Stress [psi)

Principal Stress Difference (psi)

c>O

Figure 4.10 Effective stress paths for Paris clay
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and drying

In comparing the effective stress paths for
specimens tested in the as-compacted condition
with- the stress paths for specimens subjected to
wetting and drying, it is apparent that the speci-
mens which were wetted and dried generated
higher pore water pressures during shear. The in-
crease in the magnitude of the generated pore
pressures can be represented in terms of the A
coefficients (Skempton, 1954). A is defined as
the ratio of generated pore pressure during shear
divided by the principal stress difference. Plots of
A at the peak principal stress difference versus
the effective consolidation pressures are shown in
Figure 4.14 for the Paris clay and in Figure 4.15
for the Beaumont clay. The A coefficients for
specimens which were wetted and dried show a
slight variation with the applied consolidation
pressures (in the range of 0.7 to 1.0). In contrast,
the A coefficients for specimens tested in the as-
compacted condition show a gradual increase
with the consolidation pressure, from a value of

A of approximately 0.2 at low pressures (o be-
tween 0.6 and 1.0 at higher pressures.

Modified Mohr-Coulomb failure envelopes based
on stress path tangency were compared for speci-
mens tested in the as-compacted condition and for
specimens which were wetted and dried. This
comparison is shown in Figure 4.16 for the Paris
clay and in Figure 4.17 for the Beaumont clay. It
can be seen from these plots that wetting and dry-
ing leads to lower strengths over a range of con-
fining pressures as compared to the strengths of
as-compacted specimens. This loss in strength was
also observed in similar tests performed on Taylor
Marl clay by Kayyal (1986). The loss in strength
manifests itself by producing a distinct curvature in
the Mohr-Coulomb failure envelopes at low effec-
tive stresses. The envelopes for the soils which
were wetted and dried exhibit almost no cobesion
intercept at zero effective stress. The envelope at
higher pressures tends to merge with the enve-
lopes for the soil in the as-compacted condition.
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Figure 4.14 A coefficients at peak stress
difference versus effective
consolidation pressure for as-
compacted Paris clay and for
specimens subjected to wetting and

drying
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Figure 4.15 A coefficients at peak stress
difference versus effective
consolidation pressure for as-
compacted Beaumont clay and for
specimens subjected to wetting and

drying
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Figure 4.16 Modified Mohr-Coulomb failure
envelopes for as-compacted Paris
clay specimens .and for specimens
subjected to wetting and drying
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Figure 4.17 Modified Mohr-Coulomb failure
envelopes for as-compacted
Beaumont clay specimens and for
specimens subjected to wetting and

drying

Comparison of Effective Stress
Envelopes for CU and CD Tests

A single consolidated-drained triaxial compres-
sion test (CD) was performed on a compacted
specimen of Paris clay to determine whether the
effective-stress shear strength envelopes obtained
from CU and CD tests were similar. The CD test
was performed following the same procedures de-
scribed for performing CU tests. The specimen
was back-pressure saturated prior to consolidation.
The deformation rate used during shear was
0.0009 inches per hour. Similar CD tests were also
performed on compacted Beaumont clay speci-
mens by Gourlay and Wright (1986).

The effective stress path for the Paris clay speci-
men tested under drained conditions is shown in
Figure 4.18 along with the effective stress paths
from the CU tests. It can be seen from these plots

that the strength from the CD test agrees well with
the strength envelope derived from the CU tests.
This agreement confirms that the effective stress
failure envelope for the Paris clay may be ob-
tained from either CU or CD tests. Gourlay and
Wright (1986) reached a similar conclusion for the
Beaumont clay.
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Figure 4.18 Effective stress paths for Paris clay
specimens tested in the as-
compacted condition using
consolidated-drained and
consolidated-undrained tests

COMPARISON BETWEEN PEAK STRENGTH
AND LARGE STRAINS ENVELOPES

The effective stress paths for the Paris and
Beaumont clays in the as-compacted condition in-
dicate that a noticeable drop in strength occurs at
strains beyond the peak strength. This drop in
strength suggested that there might be some simi-
larities between the strength at large strains for the
as-compacted specimens and the peak strength for
specimens which were wetted and dried.

Determination of failure envelopes at large
strains involved some assumptions concerning the
cross-sectional area of the specimens used to com-
pute stresses. Area corrections used for the com-
putation of stresses are discussed in Appendix D.

The failure envelope based on stresses at large
strains for specimens tested in as-compacted con-
dition is compared with the peak strength enve-
lopes for the specimens which were subjected to
wetting and drying. The “large strains” envelope
consists of the measured strength values at axial
strains in the range of approximately 17 to 23 per-
cent. The comparison between the peak strength
and large strains envelopes is shown in Figure
4.19 for the Paris clay and in Figure 4.20 for the
Beaumont clay. It can be seen from the plots in
Figures 4.19 and 4.20 that the peak strength enve-
lope for specimens which were subjected to wet-
ting and drying and the large strains envelope for
the as-compacted specimens converge at low



effective stresses, indicating similar strength prop-
erties. However, at higher effective stresses, the
peak strengths of specimens that were subjected to
wetting and drying are higher than the strengths of
as-compacted specimens at large strains.

Comparisons between the strength envelopes at
large strains for specimens tested in the as-com-
pacted condition, and those for specimens tested
after wetting and drying, are shown in Figure 4.21
for the Paris clay and in Figure 4.22 for the Beau-
mont clay. The plotted envelopes are in reason-
ably close agreement.
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Figure 4.19 Modified Mohr-Coulomb failure
envelopes for as-compacted Paris
clay at large strains and for
specimens subjected to wetting and
drying at peak strength
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Figure 4.20 Modified Mohr-Coulomb failure
envelopes for as-compacted
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for specimens subjected to wetting
and drying at peak sirength
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Figure 4.21 Modified Mohr-Coulomb failure
envelopes at large strains for as-
compacted Paris clay specimens and
for specimens subjected to wetting
and drying
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Figure 4.22 Modified Mohr-Coulomb failure
envelopes at large strains for as-
compacted Beaumont clay specimens
and for specimens subjected to
wetting and drying

SUMMARY AND CONCLUSIONS

A series of consolidated-undrained triaxial
compression tests with pore pressure measure-
ments was performed on specimens in their as-
compacted condition and on specimens which
were subjected to wetting and drying. The pur-
pose of these tests was to determine the effect of
wetting and drying on the long-term strength of
compacted Paris and Beaumont clays.



Test results indicated that wetting and drying
led to a drop in strength from that which was
measured for specimens tested in the as-
compacted condition. This loss in strength oc-
curred over a range of stresses below approxi-
mately 8 psi; which is applicable to shallow slides
in the field. Comparisons between the envelopes
at large strains for specimens which were sub-
jected to wetting and drying, and for specimens
which were tested in the as-compacted condition,
indicate that the envelopes were similar.

The effective-stress shear strength envelopes
for the soils which were subjected to wetting
and drying exhibited almost no cobesion inter-
cept and showed a pronounced curvature down-
ward. The envelopes for the soil subjected to
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wetting and drying gradually merged at higher
pressures with the envelopes for the soil in the
as-compacted condition.

The negligible cohesion intercept suggested
that there might be similarities between the
strength envelope of compacted specimens
which were wetted and dried and the strength
envelope of normally consolidated clays. Also,
Skempton (1977) has shown that, with time, cer-
tain clay soils may reach a *“fully softened
strength” that is equivalent to the strength of re-
molded normally consolidated clays. Accord-
ingly, it was decided to proceed with the current
investigation to measure the strength properties
of laboratory prepared normally consolidated
specimens.



CHAPTER 5. EVALUATION OF THE CONSOLIDATION
AND SHEAR STRENGTH PROPERTIES FOR
NORMALLY CONSOLIDATED SPECIMENS

INTRODUCTION

A series of consolidated-undrained triaxial com-
pression tests with pore water pressure measure-
ments was performed on specimens which were
nomally consolidated from a slurry. The purpose
of the tests was to measure the effective-stress
shear strength properties for normaily consolidated
specimens and to compare their consolidation and
shear strength properties with the properties of
specimens- which were subjected to wetting and

drying.

SPECIMENS PREPARATION PROCEDURES

The soil used to prepare normally consolidated
specimens was processed by sieving to a particle
size passing the No. 40 sieve. The processed soil
was mixed with water to form a slurry which
was normally consolidated one-dimensionally to
produce 1.5-inch-diameter, 3-inch-high speci-
mens.

Soil Preparation Procedure

Specimens were prepared by mixing approxi-
mately 300 grams of air-dried soil with 400 grams of
distilled water to form a slurry with a moisture con-
tent of approximately 150 percent. Water was placed
in the bowl of a low speed mixer, and soil was then
siowly added until a homogeneous slurry was
formed. Once ail the soil was mixed, the slurry
was transferred to the consolidation apparatus.

Consolidation Apparatus

The consolidation apparatus was designed to
produce approximately 3-inch-high specimens.
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The apparatus is shown in Figure 5.1. It con-
sists of three acrylic plastic tubes, 1.5 inches in
inside diameter and 0.25 inches in wall thick-
ness. The three tubes are 3.1 inches, 3.2 inches,
and 12 inches long. When assembling the appa-
ratus, the set of tubes was stacked on top of
each other in the order shown in Figure 5.1;
the 12-inch-long tube being on top. The tubes
were then aligned along their inside wall by
means of a 1.5-inch-diameter rod, and secured
in place between a bottom base and a top ring
connected with three threaded rods. A porous
stone that fits into the bottom base provides for
drainage of water during consolidation. Load is
applied to the soil by means of a loading pis-
ton. The piston consists of a 1.5-inch-diameter
solid acrylic cylinder. A porous stone fits on the
bottom of the piston and allows drainage of
water through two vertical holes. A Teflon ring
is attached to the bottom of the piston to seal
against possible leaks of soil slurry during con-
solidation. Load is transferred to the piston by
means of a 15-inch-long acrylic rod with a 3-
inch-diameter plate connected to the top of the
rod.

Consolidation Procedure

Once the soil slurry is mixed, it is poured
into the consolidation apparatus. The piston is
advanced into the tube until contact is made
with the soil slurry. A vertical consolidation
pressure of 2 psi is then applied to the piston.
The 2-psi pressure was chosen to produce ad-
equate strengths in specimens for set-up in the
triaxial cell. The period of consolidation of the
soil specimens varied from ten days to two
weeks.






A Normally Consolidated
o Wetted & Dried
] L 1
1.0 0.1 0.01

Grain Size {mm)

Percent Finer Than (%}

—1
0.001

1
0.0001

10.0

Figure 5.3 Grain size distributions from a
normally consolidated Paris clay
specimen and from a compacted

specimen which was wetted and dried

COMPARISON OF CONSOLIDATION
PROPERTIES

Dry unit weights of specimens at the time of
set-up, and at the end of consolidation in the
triaxial cells, are summarized in Table 5.1, The
dry unit weights at set-up were computed based
on the measured total unit weights and the mois-
ture contents. The dry unit weights at the end of
consolidation were calculated assuming a 100

. percent degree of saturation and using the mois-

ture contents measured after the shear test was
completed.

Final moisture contents are plotted versus ef-
fective consolidation pressures in Figure 5.5 for
the Paris clay and in Figure 5.6 for the Beaumont

& 90 [ 1 ;
= 80 clay. Corresponding data from the as-compacted
S 70[ specimens and from specimens which were wet-
= 60 ted and dried are also included. It appears that
5 50k e : )
£ 2ok the compression indices for the specimens which
= 30F 4 Nommally Consolidated were wetted and dried and for the specimens
@ %0 " o Wetted & Dried which were nomally consolidated are similar, as
% 8F ! ] ] ] J suggested by the nearly parallel consolidation
e oo 1.0 0.1 001 0001 0.0001 curves at stresses between 5 and 30 psi. Due to
Grain Size {mm) the lack of sufficient data at stresses lower than 5
psi and higher than 30 psi, results concerning the
Figure 5.4 Grain size distributions from a compression indices at other stresses remain in-
normally consolidated Beaumont conclusive.
clay specimen and from a compacted
specimen which was wetted and dried
Table 5.1  Triaxial specimen properties at set-up and at end of consolidation for the Paris and
Beaumont clays
Test soil At Set-Up At End of Consolidation
Number Type oc (%) 71d (pch) @¢ (%) Ya (p<f)
$31.35 Paris 88.1 50.6 39.7 81.6
$32.10 Paris 854 50.0 53.6 69.1
$33.04 Paris 92.2 48.7 64.9 61.4
$34.25 Paris 77.2 54.1 415 79.7
$35.17 Paris 79.1 53.9 45.9 75.5
$36.02 Paris 86.6 52.2 66.8 60.2
$51.04 Beaumont 57.9 66.2 432 78.3
$52.25 Beaumont 59.4 64.9 285 95.5
$53.04 Beaumont 68.6 624 42.5 79.0
$55.08 Beaumont 56.7 65.9 36.2 85.9
$56.02 Beaumont 623 62.2 531 69.7
$57.15 Beaumont 58.9 65.5 318 91.3
$58.34 Beaumont 61.0 63.2 26.2 99.4
$59.05 Beaumont 57.5 65.0 40.0 81.6

- Letter S in test names designates specimens consolidated from a slurry.
- Numbsers after decimal points represent the applied effective consolidation

pressures.
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Figure 5.5 Moisture contents versus effective
consolidation pressure for as-
compacted Paris clay specimens,
normally consolidated specimens,
and specimens subjected to wetting

and drying
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Figure 5.6 Moisture contents versus effective

consolidation pressure for as-
compacted Beaumont clay
specimens, normally consolidated
specimens, and specimens subjected
to wetting and drying

TRIAXIAL SHEAR TEST RESULTS

Axial stress-strain curves, effective stress paths,
and modified Mohr-Coulomb failure envelopes
were plotted and examined for the specimens
consolidated from a slurry. Triaxial shear test data
including axial strains (g), effective consolidation
pressures (03), principal stress differences
(o,~03), principal stress ratios (G,/63), and A
coefficients are tabulated in Appendix C.

Stress-Strain Curves

Stress-strain curves for the Paris and Beaumont
clays are presented in Figure 5.7 and in Figure 5.8,

L ki a2 1
3 456789
100
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respectively. The stress-strain curves show a de-
crease in strength after the peak strength similar
to what was observed for the specimens sub-
jected to wetting and drying (previously shown
in Figures 4.7 and 4.9). The decrease in
strength is approximately 10 to 25 percent of
the peak principal stress difference for the Paris
clay, and is less than 10 percent for the Beau-
mont clay.
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Figure 5.7 Stress strain curves for Paris clay
specimens which were consolidated
from a slurry
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Stress strain curves for Beaumont
clay specimens which were
consolidated from a slurry

Figure 5.8

Effective Stress Paths and Failure
Envelopes

The effective stress paths plotted in terms of
the principal stress difference (6, — 63) versus the
minor principal effective stress (G3) are shown in
Figure 5.9 for the Paris clay and in Figure 5.10
for the Beaumont clay. Also shown on these
plots are the modified Mohr-Coulomb failure en-
velopes based on stress path tangency.



It can be seen from the effective stress paths
that positive pore water pressures were gener-
ated during shear. A comparison of the A coef-
ficients at peak principal stress difference versus
the effective consolidation pressures for both
the normally consolidated and the compacted
specimens after wetting and drying is shown in
Figure 5.11 for the Paris clay and in Figure 5.12
for the Beaumnont clay. It is apparent that the A
is similar for the specimens which were wetted
and dried and for the normally consolidated
specimens.

The modified Mohr-Coulomb failure enve-
lopes based on stress path tangency indicate
that the failure envelope is non-linear. The fail-
ure envelopes for both soils show a distinct cur-
vature at low stresses with a negligible cohesion
intercept.
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Figure 5.10 Effective stress paths for Beaumont
clay specimens which were
consolidated from slurry
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Figure 5.11 A coefficients at peak principal
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Figure 5.12 A coefficients at peak principal
stress difference versus effective
consolidation pressure for normally
consolidated and wetted and dried
Beaumont clay specimens

DISCUSSION OF RESULTS AND
CONCLUSIONS

Comparisons of the modified Mohr-Coulomb fail-
ure envelopes for the normally consolidated speci-
mens and for the specimens which were subjected
to wetting and drying are presented in Figure 5.13
for the Paris clay and in Figure 5.14 for the Beau-
mont clay. It is apparent that, for both soils, the
failure envelopes for the nommally consolidated
specimens and for the specimens subjected to wet-
ting and drying are in very close agreement. Fur-
ther comparisons between the strength envelopes
at large strains for the specimens tested in the as-
compacted condition, for the normally consolidated
specimens, and for the specimens subjected to wet-
ting and drying are shown in Figure 5.15 for the
Paris clay and in Figure 5.16 for the Beaumont
clay. It can be seen that, for both soils, the large
strains envelopes for the as-compacted specimens
are in close agreement with the large strains enve-
lopes for the normally consolidated and the wetted
and dried specimens.



Although the consolidation data, shown previ-
ously in Figures 5.5 and 5.6, indicated that the
moisture contents are different for normally con-
solidated specimens and for compacted specimens
which were subjected to wetting and drying, it is
unclear why the differences exist between the
moisture contents at the end of consolidation.

These differences might be related to the effect
of hysteresis, or they might be the result of
physico-chemical processes. In the current study,
this was not explored further.
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Figure 5.13 Modified Mohr-Coulomb failure
envelopes for normally consolidated
Paris clay and for specimens
subjected to wetting and drying
(based on stress path tangency)
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Figure 5.14 Modified Mohr-Coulomb failure
envelopes for normally consolidated
Beaumont clay and for specimens
subjected to wetting and drying
(based on stress path tangency)

The similarities in the effective-stress shear
strength properties for the nomally consolidated
specimens, and for the compacted specimens af-
ter wetting and drying, suggested that both ma-
terials may have a similar structure. Conse-
quently, it was decided to examine the clay
particle orientations for normally consolidated
specimens, and for compacted specimens after
wetting and drying, to see if the particle struc-
tures were similar.
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Figure 5.15 Modified Mohr-Coulomb failure
envelopes at large strains for Paris
clay specimens in as-compacted
condition, normally consolidated,
and wetted and dried
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CHAPTER 6. EFFECTS OF WETTING AND DRYING ON
CLAY PARTICLE ORIENTATIONS

INTRODUCTION

The triaxial shear test results presented in Chap-
ter 4 showed that cyclic wetting and drying de-
creased the effective-stress shear strength proper-
ties at low confining pressures. This decrease in
shear strength may be attributed to a reorientation
of clay particles as a result of wetting and drying.
The reorientation of clay particles might also ex-
plain triaxial test results, presented in Chapter 5,
which showed a close agreement between the
strength envelope for normally consolidated speci-
mens and the envelope for specimens subjected to
wetting and drying. Accordingly, the effect of cy-
clic wetting and drying on clay particle orienta-
tions of compacted Paris and Beaumont clays was
investigated. This was accomplished by examining
the orientation ratios which are based on intensi-
ties of X-ray reflections for certain clay minerals.

DESCRIPTION OF THE TESTING SCHEME

Four sets of laboratory experiments were de-
signed to investigate the effects which wetting and
drying have on clay particle orientations. In the
first set of experiments, the change in the clay
particle orientations with the number of cycles of
wetting and drying was investigated. The results of
these experiments were used to determine the
number of cycles that a compacted specimen
should be subjected to prior to measuring the ori-
entation ratios. In the second set of experiments,
compacted specimens were subjected to wetting
and drying with the applied consolidation pres-
sures being increased at the end of every wetting
and drying period. The results of these experi-
ments established the change in the clay particle
orientations with wetting and drying at different
consolidation pressures. The third set of experi-
ments was designed to investigate the effects of
the initial clay particle orientations at the end of
compaction on the final clay particle orientations
after wetting and drying. The fourth set of experi-
ments was carried out to compare the clay particle
orientations of compacted specimens which were
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subjected to wetting and drying with the orienta-
tions of clay particles for normally consolidated
sedimented specimens.

PRINCIPLE OF THE ORIENTATION RATIOS
METHOD

The method of orientation ratios is based on the
fact that platy clay particles cause variations in the
magnitude of diffracted X-ray intensities when
their orientations change. With a high degree of
basal plane orientation (orientation along the
plane with largest area), the basal reflections are
strongly developed, and the non-basal reflections
are largely suppressed. A quantitative evaluation of
clay particle orientations is obtained by measuring
in an X-ray diffractometer the intensity of a suit-
able basal reflection (00l) to the intensity of a
non-basal reflection (bk0) for a particular clay min-
eral (Brindly and Brown, 1980). Such a ratio is re-
ferred to as the “Orientation Index” (O.L). For the
purpose of this study, the O.I. was defined accord-
ing to the orientation of the montmorillonite clay
mineral as follows:

O = lntensity of the Basal Reflection (001)

= €))
Intensity of the Non—Basal Re flection (020)

The (001) reflection for the montmorillonite clay
corresponds to a d-spacing between 9.6 A and
21.6 A, while the (020) reflection occurs at a d-
spacing of 4.5 A. As the basal plane orientation
increases, the O.I. rapidly increases reflecting a
more orientated structure.

DESCRIPTION OF THE TESTING APPARATUS

To prepare specimens, the soil testing appara-
tus, shown in Figure 6.1, was designed and fabri-
cated. In principle, the apparatus functions as a
miniature consolidation cell. The apparatus was
fabricated from stainless steel, and was designed
specifically to fit into the Philips X-ray dif-
fractometer, which was used for the X-ray diffrac-
tion analyses. The apparatus consists of six parts,






PROCEDURE FOR MEASUREMENT OF THE
ORIENTATION INDEX

The Orientation Index (Q.1) was determined as
follows: the loading piston and the collar were re-
moved from the specimen holder. The L-shaped
supporter was then detached from the holder and
turned around to support the soil specimen and
the porous stone from the top side of the holder,
as shown in Figure 6.4. This process was designed
to obtain a soil specimen with a smooth surface
which was flush with the bottom surface of the
holder, and to prevent any physical disturbance to
the specimen that might alter the clay particle ori-
entations. Thin flat spacers were placed between
the supporter and the porous stone to prevent the
specimen from sliding. The holder was inverted,
and the glass slide which served to protect the
specimen during wetting and drying was lifted
from the top of the specimen to expose a soil sur-
face flush with the surface of the holder. Soil par-
ticles did not adhere to the glass slide when lifted
from top of the soil, and any disturbance to the
soil structure resulting from the removal of the
glass slide was considered to be insignificant. As
soon as the soil specimen was exposed, the holder
was inserted into the X-ray diffractometer. X-ray
intensities for the (001) and the (020) reflections of
montmorillonite were determined by scanning
angles (20) from 4 to 10 degrees, and from 18 to
22 degrees, respectively. Soil specimen heating
from the emitted X-rays was investigated by per-
forming several consecutive measurements of the
(001) peak for a single specimen. No significant
changes in the peak intensity were observed afier
three measurements, The Orientation Index was
computed according to equation (1). The soil sur-
face area which was scanned by the emitted X-
rays was approximately 1 cm? (0.15 in?).

Once the X-ray intensities were measured, the
holder was removed from the diffractometer, and
the glass slide was placed again on the exposed
soil surface. The supporter was turned around to
its original position; hence the testing apparatus
was inverted to its original position. The collar
was positioned on top of the holder, and the load-
ing piston was placed on the porous stone on top
of the soil specimen.

The depth to which X-rays penetrated the soil
specimens was calculated from the diminution of in-
tensity of an X-ray beam passing through soil, using
the mass absorption coefficient of montmorillonite
(32 cm’l; Brown, 1961). Assuming that the penetra-
tion of X-rays is limited to a depth where the dimi-
nution of intensity is no more than 75 percent of the
incident intensity, the depth of penetration is ap-
proximately 2 microns (106 m). Depending on the
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orientation of the montmorillonite clay particles, this
depth could range berween 200 and 2000 particles.

1 Specimen Holder
0.65" 0.85"
Soil Specimen
Filter Paper
Porous Stone
Flat Spacers
Gloss Slide
. d s
Hole for Attaching 1
the Supporter to the
Specimen Holder

L- Shaped Supporter

Figure 6.4 - Assembly of the testing apparatus
for testing a soil specimen in the
X-ray diffractometer

DESCRIPTION AND TEST RESULTS OF THE
FIRST SET OF EXPERIMENTS

The first set of experiments was designed to
measure the change in the clay particle orienta-
tions with the number of cycles of wetting and
drying. The results of these experiments were used
to determine the number of cycles which a com-
pacted specimen was subjected to prior to measur-
ing the clay particle orientations. Tests were per-
formed on two compacted specimens from the
Paris and Beaumont clays. The procedures for pre-
paring compacted soil specimens and for subject-
ing these specimens to cyclic wetting and drying
are explained below.

Procedure for Preparing Compacted Soil
Specimens

Prior to preparing a soil specimen, the testing
apparatus was assembled as shown in Figure 6.3;
with the glass slide and the L-shaped supporter on
the bottom of the holder. Specimens were prepared
by loosely spreading very small amounts of soil



(less than 2 grams) onto the glass slide inside the
holder. The soil was mixed at optimum moisture
content, sieved through a No. 40 sieve, and com-
pacted in place by static compaction with a dead
load of 5 pounds applied on the loading piston for
a period of 1 minute. Impact compaction was not
used to avoid fracturing the glass slide. A saturated
porous stone underlaid by a filter paper was placed
between the soil and the loading piston during
compaction. Once compaction was completed, the
loading piston was removed, with the porous stone
remaining on top of the compacted specimen. A
soil specimen, approximately 1 to 2 millimeters
thick, was obtained at the end of compaction.

Procedure for Subjecting Compacted
Specimens to Wetting and Drying

Once a soil specimen was compacted, the initial
Orientation Index (O.1.) was determined following
the procedure described earlier in this chapter.
The testing apparatus (containing the soil speci-
men) was then reassembled and placed in distilled
water for approximately 24 hours. No loads were
applied on the loading piston. At the end of the
wetting period, the O.I. was again measured. The
apparatus was reassembled, and placed in an oven
at a temperature of 60°C. After a 24-hour drying
period, the O.I. was measured once more. The
first “cycle” of wetting and drying actually con-
sisted of wetting, drying, and rewetting. Each addi-
tional cycle consisted of drying and wetting. The
Orientation Indices were determined at the end of
every wetting and drying period for four consecu-
tive wetting and drying cycles.

Test Resulis

Plots of the Orientation Indices versus the num-
ber of wetting and drying cycles are shown in Fig-
ure 6.5 for the Paris clay specimen and in Figure
6.6 for the Beaumont clay specimen. It can be
seen that the Orientation Indices decrease from
the initial value, and then increase and decrease
by approximately the same amount for every wet-
ting and drying cycle. The O.I. did not appear to
change after the first wetting and drying cycle.
Therefore, it was decided to use a single cycle of
wetting and drying for subsequent measurement of
the Orientation Indices.

DESCRIPTION AND TEST RESULTS OF THE
SECOND SET OF EXPERIMENTS

The second set of experiments was designed to
measure the change in clay particle orientations
for compacted specimens after wetting and drying
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for different effective consolidation pressures. Test-
ing procedures and results are presented below.

Testing Procedures

Tests were performed for two compacted speci-
mens from the Paris and Beaumont clays. Speci-
mens were compacted following the procedure ex-
plained in the previous section. The initial O.I. was
determined prior to subjecting the specimen to wet-
ting and drying. For the first cycle, no loads were
applied on the loading piston; the O.I. was deter-
mined at the end of wetting and drying. For the
second cycle, loads were placed on the loading pis-
ton such that the soil specimen was consolidated to
an effective consolidation pressure of 1 psi. The
O.1. was again determined at the end of wetting
and drying. The loads were then systematically in-
creased with a load increment ratio of two at the
end of each additional wetting and drying cycle.
Measurements of the Orientation Indices were con-
ducted for consolidation pressures up to a maxi-
mum effective consolidation pressure of 16 psi.
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with the number of wetting and
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Figure 6.6 Change in the orientation indices

with the number of wetting and
drying cycles for a Beaumont clay
specimen '



Determination of the Orientation Indices for this
set of experiments required the temporary removal
(for approximately 15 minutes) of the loading pis-
ton and the applied loads from the soil specimen.
It was practically impossible to measure the X-ray
intensities in the diffractometer with the loads ap-
plied on the soil specimen. Experiments per-
formed in the early stages of this research showed
that unless a load increment of at least two was
used after measuring the X-ray intensities, the ef-
fect of unloading on the clay particle orientations
would influence the measured X-ray intensities for
the subsequent loading increment. For example, if
the consolidation pressure was increased from 6 to
8 psi, the O.I. measured at 8 psi would be lower
than the value determined at 6 psi. Such a result
would indicate that the clay particle orientations
decrease with increasing consolidation pressure,
which is improbable. For that reason, a load incre-
ment ratio of two was selected for this set of ex-
periments, following the same guidelines adopted
for one-dimensional consolidation tests.

Test Results

Plots of the Orientation Indices versus the effec-
tive consolidation pressures are shown in Figure
6.7 for the Paris clay specimen and in Figure 6.8
for the Beaumont clay specimen. It can be seen
that, for every wetting cycle, the degree of orienta-
tion of the clay particles increases as a result of
wetting, but, after drying, it decreases again, indi-
cating the development of a less oriented structure.
In addition, the degree of orientation of the clay
particles increases with increasing consolidation
pressures. A comparison of the Orientation Indices
for the Paris and Beaumont clays shows that the
Paris clay specimen has a more oriented structure
in comparison with the Beaumont clay specimen.
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Orientation indices at the end of
wetting and drying for a Paris clay
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Figure 6.7
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Measurements of Exchangeable Water
During Wetting and Drying

The change in the interlayer spacing (d), which
is determined from the (001) basal reflections in X-
ray diffraction analyses, can be used to determine
the amount of water exchanged with the soil at
the end of wetting and drying. According to Van
Olphen (1963), when clays come into contact with
water or with water vapor, one to four monomo-
lecular layers of water, each 3 A thick, penetrate
between the unit layers. This process, which is re-
ferred to as the interlayer swelling or crystalline
swelling, results in an increase in the basal spacing
of the clay particles from 9.6 A, for a completely
dry clay, to a range of values between 12.6 A and
216 A, depending on the number of monomo-
lecular layers of water that penetrate the unit lay-
ers. Interlayer swelling leads to, at most, a dou-
bling of the volume of dry clay when four layers
of water are adsorbed.

The amount of water exchanged by the Paris
and Beaumont clays was determined based on the
d-spacings of the (001) reflections for montmorillo-
nite. The d-spacings were measured at the end of
every wetting and drying cycle. This information is
plotted versus the applied effective consolidation
pressure in Figure 6.9 for the Paris clay and in Fig-
ure 6.10 for the Beaumont clay. Lines indicating
the basal spacings for montmorillonites with zero,
one, three, and four monomolecular layers of wa-
ter are also plotted. It can be seen from these
plots that, regardless of the applied effective con-
solidation pressure, between zero and one layers
of water remained between the unit layers at the
end of drying. In contrast, between three and four
layers of water penetrated between the unit layers
at the end of wetting.
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DESCRIPTION AND TEST RESULTS OF THE
THIRD SET OF EXPERIMENTS

The third set of experiments was designed to
investigate the effects of the initial clay particle
orientations of compacted specimens on the mea-
sured Orientation Indices after wetting and drying.
The results obtained from this set of experiments
are compared with the results obtained from the
second set of experiments. Testing procedures and
results are presented below.

Testing Procedures

Tests were performed on four compacted speci-
mens from the Paris clay and on four compacted
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specimens from the Beaumont clay. Specimens
were compacted statically following the procedure
explained earlier in this chapter. To obtain differ-
ent initial Orientation Indices, the compaction
moisture contents and the applied static loads
were varied for the four specimens (to obtain dif-
ferent dry densities). The four specimens were
consolidated to effective consolidation pressures of
0, 1, 2, and 4 psi, respectively. The consolidation
pressure was applied on each specimen after the
initial O.l. was determined. The consolidation
pressure was not changed once wetting and drying
was initiated. Hence, these experiments may be
viewed as single-stage experiments in comparison
with the multi-stage experiments described in the
previous section. A single wetting and drying cycle
was performed for each specimen. The Orientation
Indices were measured for the four specimens at
the end of each wetting and drying period.

Test Results

The initial Orientation Indices at the end of
compaction and the final Orientation Indices at the
end of wetting are shown in Figure 6.11 for the
Paris clay and in Figure 6.12 for the Beaumont
clay. Also shown on these plots are the Orienta-
tion Indices at the end of wetting (which were
presented previously in Figures 6.7 and 6.8). Simi-
lar -results at the end of drying are shown in Fig-
ure 6.13 for the Paris clay and in Figure 6.14 for
the Beaumont clay. It can be seen from the plot-
ted data that the final clay particle orientations at
the end of wetting or drying were the same for
the four specimens regardless of their initial clay
particle orientations at the time of compaction.
This is apparent from the equivalent Orientation
Indices which were determined from the single
and the multi-stage experiments. Therefore, clay
particle orientations, at the end of wetting or dry-
ing, depend only on the applied effective consoli-
dation pressure, and do not vary with the initial
conditions at the time of compaction, prior to wet-
ting and drying.

DESCRIPTION AND TEST RESULTS OF THE
FOURTH SET OF EXPERIMENTS

The fourth set of experiments was conducted to
compare the clay particle orientations of com-
pacted specimens at the end of wetting with the
clay particle orientations of normally consolidated
sedimented specimens. The procedures for prepar-
ing normally consolidated specimens, the testing
procedures, and test results are presented below.
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Preparation of Normally Consolidated
Specimens

Specimens were prepared by sedimenting a soil
slurry directly onto the glass slide in the holder. Soil
was allowed to settle to the bottom of the holder,
and excess water either was allowed to evaporate or
was removed by means of a small filter paper which
drained excess water out of the holder. Care was
exercised to prevent the soil from drying in the
holder. A porous stone covered with filter paper
was subsequently placed on the soil surface.

Testing Procedures

Several specimens from the Paris and Beaumont
clays were sedimented, and their initial Orientation
Indices were determined at the end of sedimenta-
tion. Specimens were consolidated to a loading se-
quence that was identical to the one used for the
second set of experiments. A load increment ratio
of two was used, and pressures ranging from 0 to
16 psi were applied. A consolidation period of 24
hours was maintained for all loading increments.
The specimen holder was immersed in distilled
water during consolidation. At the end of each
pressure increment, the O.I. was determined, and
the weights on the loading piston were increased.

Test Results

The Orientation Indices of the normally consoli-
dated specimens at the end of consolidation with the
applied effective consolidation pressures are shown
in Figure 6.15 for the Paris clay (three specimens)
and in Figure 6.16 for the Beaumont clay (two speci-
mens). Also shown on these figures are the Orienta-
tion Indices at the end of wetting (which were
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presented previously in Figures 6.7 and 6.8). It can
be seen from these plots that the clay particle orien-
tations of the compacted specimens which were sub-
jected to wetting and drying are in close agreement
with the Orientation Indices determined for the nor-
mally consolidated sedimented specimens. The
agreement in the clay particle orientations between
the two types of materials is further evidence sup-
porting the triaxial test results presented in Chapter
5. The triaxial test results showed a very close agree-
ment between the strength envelopes for normally
consolidated specimens and for compacted speci-
mens which were subjected to wetting and drying.

CONCLUSIONS

Cyclic wetting and drying changes clay particle
orientations with every wetting and drying cycle. A
clay soil shows a more oriented soil structure after
wetting in comparison with the structure that de-
velops after drying.

The change of soil structure caused by wetting
and drying does not depend on the initial clay
particle orientations. The final clay particle orienta-
tions were found to vary only with the applied ef-
fective consolidation pressure and with the type of
clay being tested.

The clay particle orientations of the compacted
specimens which were subjected to wetting and
drying were in close agreement with the clay par-
ticle orientations which were measured for the nor-
mally consolidated sedimented specimens. The
similarities in soil structure between the two types
of materials are in agreement with the results pre-
sented in the previous chapter, which also showed
the similarities in the effective-stress shear strength
envelopes for the two materials. The reduction in
the effective-stress shear strengths owing to cyclic
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wetting and drying at low confining pressures ap-
pears to be due to a change in the soil structure.
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CHAPTER 7.

COMPARISON OF CALCULATED AND

OBSERVED STABILITY CONDITIONS FOR THE PARIS
AND HOUSTON EMBANKMENT SLOPES

INTRODUCTION

The effect of the reduction in effective-stress
shear strength properties caused by wetting and
drying was examined by comparing calculated and
observed stability conditions for the Paris and
Houston embankment slopes. These slopes were
described previously in Chapter 2. All stability cal-
culations were performed for the anticipated long-
term conditions, using effective stresses. Stability
calculations were first performed assuming zero
pore water pressures in accordance with previous
assumptions made by Stauffer and Wright (1984)
and by Green and Wright (1986). Subsequent
analyses were performed in which a variety of
pore water pressures were assumed. The subse-
quent analyses were performed to find what pore
water pressures would be required to produce fac-
tors of safety of unity.

STABILITY ANALYSES WITH ZERO PORE
WATER PRESSURES

Stability analyses were performed using the
computer program UTEXAS2 (Wright and Roecker,
1984). The location and geometry of the Paris and
Houston embankments, for which calculations

“were performed, were described previously in
Chapter 2. Pertinent quantities required to model
the embankment slopes are presented in Table 7.1.
The unit weights used in the computations were
the long-term saturated unit weights. For soils in
an as-compacted condition (prior to wetting and
drying), the total unit weights of specimens before
wetting and drying were used. For soils which
were subjected to wetting and drying, the total
unit weights after wetting and drying were used.
These were estimated from the triaxial consolida-
tion data for specimens consolidated to stresses
ranging from 2 to 3 psi. Separate analyses revealed
that a 5 percent change in the total unit weight,
from a 100- to an 85-percent degree of saturation,
affected the factor of safety by 1 to 3 percent.

Two sets of strength envelopes were used in
the analyses: as-compacted (before wetting and
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drying) and after wetting and drying. The strength
envelopes were based on effective stresses, and
were determined in the laboratory for specimens
which were fully saturated. Curved Mohr-Coulomb
failure envelopes were used in the computations;
they are presented in tabular form in Table 7.1.

An automatic search was conducted using the
computer program to locate a critical circle (circle
with the lowest factor of safety). Spencer’s proce-
dure was used to perform the stability computa-
tions. Separate analyses revealed that a 2-foot ver-
tical crack filled with water reduced the factor of
safety by only 1 to 3 percent. Accordingly, no ver-
tical tension cracks were used in the remaining
stability analyses.

Discussion of Results

The computed factors of safety and correspond-
ing critical circles for zero pore water pressures
are presented in Figure 7.1 for the Paris embank-
ment and in Figure 7.2 for the Houston embank-
ment. It can be seen that wetting and drying re-
sulted in a reduction in the factor of safety, from
2.6 to 2.2 for the Paris embankment and from 3.1
to 2.2 for the Houston embankment. Even though
the factors of safety decreased by 18 to 40 percent
with wetting and drying, the computed factors of
safety were still greater than unity, and thus were
inconsistent with the observed failures in the field.

The effective-stress shear strength parameters re-
quired to obtain a factor of safety of unity for both
the Paris and Houston embankment slopes were
back-calculated using the charts and procedures
developed by Stauffer and Wright (1984) and as-
suming zero pore water pressures. Effective-stress
cohesion and friction angle values were back-calcu-
lated using the charts with the embankment height,
slope angle, depth of slide, and total unit weight of
soil. These parameters are summarized for the Paris
and Houston embankments in Table 7.1. The total
unit weight after wetting and drying was used. The
back-calculated effective-stress cohesion and fric-
tion angle values were 5 psf and 16° for the Paris
embankment, and 25 psf and 17° for the Houston



Table 7.1  Input parameters for stability
analyses of the Paris and Houston
embankments

Input Paris Houston
Parameters Embankment Embankment

Total unit weight:

As-compacted 112 pef 120 pef
After wetting & drying 107 pef 114 pcf

Height 20 feet 19 feet

Side slope ratio 3:1 25:1

Depth of slide 5 feet 4 feet

As-compacted Mohr-Coulomb failure envelopes (psf)

Paris Clay Beaumont Clay
On T On T
0 287 0 342

275 402 324 540
322 422 396 584
413 458 435 609
719 576 584 685
1,118 719 977 900
1,378 812 1543 1,185
2,056 1,055 2,528 1,468

Mohr-Coulomb failure envelopes after wetting & drying (psf)

Paris Clay Beaumont Clay
Cn T Gn L
0 24 0 0
22 42 117 112
1 111 157 138
261 207 330 28

460 325 747 545

688 453 1,354 918
1,182 650 1,861 1,237
1923 948

embankment. The back-calculated strength param-
eters are shown in Figure 7.3 for the Paris clay and
in Figure 7.4 for the Beaumont clay. Also shown in
Figures 7.3 and 7.4 are the laboratory measured
Mohr-Coulomb failure envelopes for the compacted
specimens prior to and after wetting and drying.
Significant differences can be seen between the
laboratory measured and the back-calculated failure
envelopes. These differences coincide with the
relatively high factors of safety presented previ-
ously in Figures 7.1 and 7.2.

STABILITY ANALYSES WITH POSITIVE PORE
PRESSURES

Stability computations for the Paris and Hous-
ton embankments were repeated assuming vari-
Ous positive pore water pressure conditions to
determine what pore pressures would be required
to obtain factors of safety of unity. The strength
envelopes for the as-compacted and the wetted
and dried conditions were again used. The pore
water pressures used in the stability computations
were represented in terms of the pore pressure
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coefficient, (r,), defined by
Morgenstern (1960) as follows:

Bishop and

where “z" is the vertical depth below the surface,
“u” is the pore water pressure at the depth “z,”
and “g” is the total unit weight of soil. A value for
ry of approximately 0.5 to 0.6 corresponds to very
high pore water pressures with horizontal seepage
near the face of the slope. Stability computations
were performed for pore pressure coefficients
ranging from zero to values high enough to pro-

duce factors of safety of unity.

Discussion of Results

The variations in-the computed factors of safety
with the assumed pore water pressure coefficients
are shown in Figure 7.5 for the Paris embankment
and in Figure 7.6 for the Houston embankment.
The pore water pressure coefficients required to
produce a factor of safety of unity using the as-
compacted strength, and using the strength after
wetting and drying, are tabulated in Table 7.2. It
can be seen from the computed factors of safety
that slope failures would not be predicted using
the as-compacted strengths because the pore water
pressures would have to be excessively high (r, =
0.9 to 1.0). In contrast, calculations reveal that fail-
ure is probable based on the strengths of speci-
mens that were subjected to wetting and drying,
provided that the pore water pressures are rela-
tively high (r, = 0.5 to 0.6).

CONCLUSIONS

Stability calculations for the Paris and Houston
embankment slopes confirmed that the reduction
in strength caused by wetting and drying partially
explains the observed shallow slope failures. Sta-
bility analyses also revealed that the back-calcu-
lated pore water pressures at failure were higher
than anticipated at the outset of this study, and as-
sumed previously by Stauffer and Wright (1984)
and by Green and Wright (1986). Based on the
stability analyses, significant positive pore water
pressures must have existed in the Paris and Hous-
ton embankments to cause failure. In order to bet-
ter understand the pore water pressure conditions
that might exist at failure, further analyses were
performed to evaluate the pore water pressures at
failure for a number of shallow slides that oc-
curred in compacted embankments constructed of
the Paris and Beaumont clays. Results of these
analyses are presented in the following chapter.
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Normal Stress (psf)

Figure 7.4 Mohr-Coulomb failure envelopes for
the Beaumont clay specimens
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Back-calculated pore water pressure coefficients for the Paris and Houston embankment

Embankment Clay Paris Houston
Condition Embankment Embankment
Prior to wetting & drying 1.0 1.0
After wetting & drying 0.6 0.5



CHAPTER 8.

EVALUATION OF PORE WATER PRESSURE

CONDITIONS IN PARIS AND BEAUMONT
CLAY FILL EMBANKMENTS

INTRODUCTION

In the previous chapter, it was shown that sig-
nificant positive pore water pressures would need
to exist in the Paris and Houston embankments for
the observed slides to have occurred. To deter-
mine whether similar pore water pressures would
need to exist in other embankments which had
failed, pore pressure conditions at failure were cal-
culated for a number of other embankments con-
structed of Paris and Beaumont clays. Results of
these calculations were compared with data found
in the literature, and were used to establish recom-
mendations for design.

LITERATURE REVIEW

To obtain insight into the probable pore water
pressures in compacted clay embankments, a lit-
erature survey was conducted. The literature sur-
vey focused on non-water-impounding clay fill
embankments. Twelve case histories of shallow
slides were found in the literature. For all the
cases, the pore water pressures at failure were
measured. The location of these embankments, the
age of the slope when it failed, the slope geom-
etry, the soil index and strength properties, and
available information concerning pore water pres-
sure conditions at the time of failure are summa-
rized in Table 8.1. References from which the in-
formation was obtained are also listed.

The climatic conditions at failure for the em-
bankments listed in Table 8.1 indicate that slides
were typically preceded by a period of rainfall,
or by ground thaw. An increase in frequency of
shallow slides in clay fill embankments during
periods of wet weather has been reported by
Symons (1979), Vail and Beattie (1985), Lumb
(1975), Vaughan and Walbancke (1973), Anderson
et al, (1982), Greenwood et al (1985), and
Vaughan et al (1978). According to these reports,
surface water enters through shrinkage cracks

and soil permeability decreases with depth, lead-
ing to a somewhat perched water table in the
embankment with a band of nearly saturated soil
parallel to the face of the slope. Shrinkage crack-
ing was reported in embankment fills by Byrd
(1982), Day and Axten (1989), and Al-Shaikh-Ali
(1979. g ‘

The development of a saturated zone of soil
parallel to the face of the slope was investigated
by Anderson and Kneale (1980), who conducted
continuous monitoring of pore water pressures in a
clay fill embankment associated with a 1-meter-(3-
foot)-deep slip surface. The pore water pressure

profiles were measured at four different dates, and
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are shown with the precipitation record in Figure
8.1. Anderson and Kneale note that, prior to fail-
ure, low intensity precipitation, aided by snow, re-
sulted in pore water pressure increases culminating
in the slip on March 3. It is apparent that a zone
of positive pore water pressures developed in the
vicinity of the toe of the slope; while remaining at
some depth below the crest of the embankment.

The development of a zone of positive pore
water pressures in non-water-impounding clay fill
embankments was reported by a number of inves-
tigators. Chandler (1974) indicated that, for many
embankment slopes in Britain, the depth of the
water table for the zone of positive pore water
pressures varies between 0.5 and 2 meters (1.6 to
6.5 feet), while Snedker (1979) noted that the
depth of the water tables varies between 1 to 1.5
meters (3 to 5 feet). Day and Axten (1978), re-
ported that Los Angeles County requires that em-
bankments be designed for seepage with flow par-
allel to the slope at a depth of 4 feet. Odom
(1990) reported that SDHPT (State Department of
Highways and Public Transportation) personnel
have found holes for guard-rail posts partially
filled with water some time after the holes were
drilled at the top of highway embankment slopes
in southeast Texas, even though recent precipita-
tion records indicated zero rainfall.



Table 8.1a Piezometric and slope data for selected case records

Embankment Climatic Slope Slope Slope Soil Undrained Pore Pressure
Slope Conditions Age Height Ratio Index & Drained Conditions
Location at Failure (years) (ft) (H:V) Properties Strength at Failure
Gretton Embankment 80 15 26:1 LL = 70 Sy = 800 psf Piezometers indicated the
Rail Embank.  Slip preceded PL =31 c” =0 psf presence of two water tables:
Britain by heavy rain Pl =39 ¢ = 23° a perched WT ata depth of S
(Refs 1,5 (Extrapolated)  feet & regular WT at a depth
of 13 feet
Seaton Embankment 70 26 2.4:1 LL - 59 Sy = 800 psf Piezometric surface measured
Rail Embank.  Slip preceded PL =29 ¢ =0 psf at a depth of S to 7 feet.
Britain by heavy rain PI =30 ¢ = 21° Piezometric surface intersects
(Ref 1) (Back-calc.) toe of slope
Highway NA S 22 2:1 LL =79 Su = 2000 psf  Piezometers indicated the
Embankment PL=27 c” = 100 psf presence of two water tables:
Britain PI = 52 ¢ =-18° a perched WT at a depth of 7
(Ref 2) (Back-alc.) feet & regular WT at a depth
of 18 feet
M25 Motorway = Embankment NA 11m NA NA NA Slope was fissured and
Earth Highway Slip preceded (36 ft) saturated after a rainfall.
Embankment by heavy rain Drainage blanket was not
Britain draining freely, and acted as
(Ref 3) a reservoir of water
Ref 1: Chandler & Pachakis, 1973. Ref 2: Threadgold, 1979. Ref 3: Byrd, 1982
Table 8.1b Piezometric and slope data for selected case records
Embankment Climatic Slope Slope  Slope Soil Undrained Pore Pressure
Slope Conditions Age Height Ratio Index & Drained Conditions
Locadon at Failure (years) () (H:V) Properties Strength at Failure
M4 Motorway  Embankment NA 32 2.5:1 LL =73 NA Maximum pore pressure
Earth Highway Slip preceded PL=29 occured at the end of
Embankment by heavy rain PI = 44 precipitation. A wedge of zero
Britain pressures extended from toe
(Ref 4) of slope upwards approx. 3 ft
deep
Weedon Embankment 15 16 1.5:1 LL = 67 ¢ =0 psf Piezometers indicated the
Road Embank. Slip preceded PL = 28 ¢ = 24° presence of two water tables:
Britain by heavy rain PI =39 (Back-calc) a perched WT ata depth of 3
(Ref 5) feet & regular WT at a depth
of 16 feet
Evesham Embankment 110 10 2:1 L = 62 c” =0 psf Piezometers indicated the
Road Embank. Slip preceded PL=25 ¢ = 18° presence of two water tables:
Britain by heavy rain PI = 37 (Extrapolated)  a perched WT at a depth of 4
(Ref 5) feet & regular WT at a depth
of 26 feet
Gillingham Embankment 110 13 251 LL = 78 ¢ =0 psf Piezometers indicated the
Rail Embank. Slip preceded PL=25 ¢ -18° presence of a perched water
Britain by heavy rain PI =53 (Extrapolated) table which receded at the
(Ref 5) end of precipitation

Ref 4: Anderson & Kneale, 1980. Ref 5: Chandler et al, 1973
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Table 8.1c Piezometric and slope data for selected case records
Embankment Climatic Slope Slope  Slope Soil Undrained Pore Pressure
Slope Conditions Age Height Ratio Index & Drained Conditions
Location at Fallure (years) (ft) (H:V) Properties Strength at Failure
Belle Plaine Embankment Failed 20 3:1 LL = 80 Su = 850 psf Average piezometric surface at
(East Bound)  Slip preceded  after: PL=27 ¢ = 100 psf time of failure measured ata
Canada by rainfall or 4,89 Pl = 53 ¢ = 20° depth of 4 feet below top of
(Ref 6) ground thaw (Extrapolated) the embankment
Belle Plaine Embankment  Failed Initially: 2:1 LL - 80 Su = 850 psf Average piezometric surface at
(West Bound)  Slip preceded  after: 23 PL=-27 c” = 100 psf time of failure measured at a
Canada by rainfall or 514,15  After 9 Pl =53 ¢ = 17.5° depth of 2.5 feet below the
(Ref 6) ground thaw years: (Extrapolated)  surface of the embankment
33
Highway Embankment NA 40 21 LL - 58 Sy = 1,600 psf  Seepage occurred from the
Embankment  Slip preceded PL=22 ¢ =0 median drain flowing down-
Britain by a period of Pl = 36 ¢ = 27° slope which generated high
(Ref 7 prolonged (Back-calc.) pore pressures at the toe of
heavy rain the slope
Fort Benton NA NA 37 2.5:1 NA NA Piezometric surface located at
Rail Embank. a depth of 3 to 10 feet.
Montana, USA Piezometric sutface
(Ref 8) intersects toe of slope

Ref 6: Widger & Fredlund, 1978.

EVALUATION OF PORE PRESSURE
CONDITIONS AT FAILURE

To estimate pore water pressures for typical
embankments in Texas, pore water pressures
were back-calculated using data from 34 slope
failures. Sixteen of the slope failures occurred in
embankments constructed of Paris clay; 18 slope
failures occurred in embankments constructed of
Beaumont clay. A number of these slides (5 slides
in Paris clay and 18 slides in Beaumont clay)
were previously identified and examined by
Stauffer and Wright (1984). The rest of the slides
(11 slides in Paris clay) were reported by person-
nel from the Texas State Department of Highways
and Public Transportation in District 1. A close
examination of the material properties for
the embankments investigated by Stauffer and
Wright (1984), and for the embankments re-
ported by SDHPT personnel, revealed that the
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Ref 7: Ingold & Clayton, 1978. Ref 8: Wilson & Mikkelsen, 1978.

embankment soils are similar to the soils tested in
the current study. A summary of the slope fail-
ures, including their location, age, slope height,
slope inclination, and height and depth of slide,
is presented in Appendix E. The inclina
tion of these slopes varies from 2:1 to 3.5:1
(horizontal:vertical). Slope heights range from 10
to 30 feet, and ages of the slopes at failure range
from 12 to 25 years.

Slope stability computations were performed to
back-calculate the pore water pressure conditions
at the time of failure. The peak strength effective-
stress failure envelopes determined for compacted
Paris and Beaumont clays after wetting and drying
were used in the computations. Additional stability
computations were also performed using the
strength envelopes at large strains. The peak
strength and large strains envelopes for the Paris
and Beaumont clays are presented in tabular form
in Table 8.2.
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Pore water pressure profiles and precipitation record determined for a clay fill

embankment in Britain {Anderson and Kneale, 1980)

Relationship Between the Pore Pressure
Coefficient and Slope Ratio

Pore pressure coefficients, (r,), were back-
calculated for each slope failure using the peak
strength envelope for specimens subjected to wet-
ting and drying. The values of r, are tabulated, for
each slope, in Appendix E. The relationship be-
tween the pore pressure coefficients and slope ratio
is shown in Figure 8.2. The plotted data indicate
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that pore water pressure conditions at failure are
similar for embankments constructed of Paris or
Beaumont clays. Furthermore, as the slope ratio in-
creases (the slope becomes flatter), the pore water
pressure required to cause failure increases. The
pore pressure coefficients vary from approximately
0.45 for a 2:1 slope to 0.6 for a 3:1 slope. For
slopes flatter than 3:1, the pore pressure coeffi-
cients appear to reach a limiting value of approxi-
mately 0.6 for both soils.



A close examination of the pore water pressure
coefficients, back-calculated wusing the peak
strength envelopes, reveals that their values are
relatively high. The high pore water pressures
could be explained by the fact that laboratory
measured strengths are too high. For example, the
strengths are based on peak values, and do not
take into account the effect of shearing stresses
during cyclic wetting and drying. The shearing
stresses could lower the strengths and, hence,
would result in lower back-calculated pore water
pressure values. To examine possible effects of a
reduced strength, and the effect shearing stresses
and strains might have, additional stability compu-
tations were performed using the measured
strength envelopes at large strains.

Table 8.2 Peak strength and large strains
failure envelopes for the Paris and
Beaumont clays
As-Compacted Condition After Wetting & Drying
Peak Strength (psf)
Paris Clay Beaumont Clay  Paris Clay  Beaumont Clay
Gy T O T O Tt Oy T
0 287 0 342 0 24 0 0
275 402 324 540 22 42 117 112
322 422 396 584 m m 157 138
413 458 435 609 261 207 330 286
719 576 584 685 460 325 747 545
1,118 79 T 900 688 453 1,354 918
1378 812 1,543 1,185 1,182 650 1,861 1,237
2,056 1,055 2,528 1,468 1,923 948
Large Strains (psf)
Beaumont Clay Paris Clay
Op T On T
0 0 0 0
9 73 176 130
241 154 348 252
461 255 662 442
720 380 806 518
1,106 530 1,012 605
2,010 803 2,130 1,070

Pore pressure coefficients (r,), back-calculated
using the strength envelopes at large strains, are
tabulated for each slope in Appendix E. The
variation of the pore pressure coefficients with
slope ratio, calculated for the embankment slopes
which failed, is shown in Figure 8.3. The data in-
dicate that pore water pressure coefficients at fail-
ure are lower than the corresponding values
back-calculated using the peak strength envelopes
for slopes constructed from Paris and Beaumont
clays. The pore pressure coefficients vary from
0.3 for a 2:1 slope to 0.5 for a 3:1 slope. The de-
crease in the back-calculated pore pressure coeffi-
cients, calculated using the envelope at large
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strains as compared to the peak strength enve-
lope, varies between approximately 30 percent
for a 2:1 slope and 20 percent for a 3:1 slope.

et
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Figure 8.2 Pore water pressure coefficients
versus slope ratio for Paris and
Beaumont clay fill embankments
back-calculated based on the peak
strength failure envelope
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Figure 8.3 Pore water pressure coefficients

versus slope ratio for Paris and
Beaumont clay fill enbankments
back-calculated based on the large
strains failure envelope

Relationship Between the Depth of
Water Table and Slope Geometry

Additional stability computations were per-
formed to establish the depths of a hypothetical
piezometric surface required to cause failure. Sev-
eral combinations of piezometric surfaces were
used for this purpose.

Examination of the Piezometric Surfaces

The piezometric surfaces determined by
Anderson and Kneale (1980), shown in Figure



8.1, indicate that a water table which is tangent to
the slope surface near the toe of the slope devel-
oped at the time of failure. However, this does not
sufficiently or precisely define a piezometric sur-
face for analyses, especially at locations beyond
the toe and top of the embankment. To investigate
the effect of the assumed piezometric surface ge-
ometry, factors of safety were computed for four
hypothetical slopes with varying piezometric con-
ditions.

Two of the hypothetical slopes were inclined at
2:1, and the other two were inclined at 3:1. The
assumed slope height was 20 feet. Two forms of
piezometric surfaces were considered. In the first
form, the water table is parallel to the ground sur-
face behind the crest of the slope, as shown in
Tables 8.3 and 8.4 (A and C). In the second form,
the water table drops abruptly to the level of the
toe of the embankment behind the crest of the
slope (B and D). In the first form (A and C), the
water table is also parallel to the ground surface
beyond the toe of the slope. In the second form
(B and D), the water table slopes downward at the
same inclination as the face of the slope. The ver-
tical distance from the crest of the slope to the top
of the piezometric line was defined as the depth of
water table.

The depth of the water table was selected to
produce factors of safety close to unity. These
depths were zero for the 3:1 slopes, and 3 and 2.5
feet for the 2:1 slopes, in the Paris and Beaumont
clays, respectively. Stability analyses were per-
formed using the failure envelopes for specimens
subjected to wetting and drying. Two cases were
considered regarding pore water pressures above
the water table. In the first case, hydrostatic suc-
tion pressures were assumed above the water
table. In the second case, zero pore water pres-
sures were assumed above the water table.

The computed factors of safety are presented in
Table 8.3 for the Paris slopes and in Table 8.4 for
the Beaumont slopes. Also included in these tables
are the percentage differences in the calculated
factors of safety for the two forms of piezometric
surfaces. It is evident that the orientation of the
water table behind the crest, or beyond the toe of
the slope, does not influence the computed factor
of safety. The largest percentage differences for
the two piezometric surfaces are 2.4 percent for a
2:1 slope in Paris clay, and 2.9 percent for a 2:1
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slope in Beaumont clay. Furthermore, the assump-
tion of zero or negative pore water pressures
above the water table does not significantly affect
the values of the computed factors of safety.
Accordingly, a piezometric surface similar to the
form represented by °C” was chosen for back-
calculating the depth of water tables for the 34
slopes considered in this study.

Relationship Between the Water Table Position
and Slope Ratio

The depth of water table was back-calculated
for the 34 slopes considered in this study using
the peak strength envelopes for the compacted
Paris and Beaumont clays after wetting and drying.
Negative pore water pressures were assumed
above the water table. The depth of water table at
failure, which was back-calculated for each slope,
is tabulated in Appendix E. For plotting purposes,
the position of the water table was expressed in
terms of a height of water table (Hy), defined as
the vertical distance from the toe of the embank-
ment to the horizontal portion of the water table
beneath the crest of the slope. Thus, the water
table beight is the slope height minus the depth of
the water table. The water table height was di-
vided by the slope height (H) to obtain a dimen-
sionless quantity which was then plotted versus
the slope ratio. The dimensionless ratio (Hy/H) is
plotted versus slope ratio in Figure 8.4 for each of
the slope failures. The results indicate that for
slopes flatter than 3:1, the water table coincides
with the slope surface (i.e. Hy/H is unity). For
steeper slopes, the height of the water table gradu-
ally decreases as the slope becomes steeper. The
height of the water table for embankments con-
structed of Beaumont clay is greater than the cor-
responding height for embankments constructed of
Paris clay. For a 2:1 slope in Paris clay, it may be
expected that the slope would fail when the water
table height reaches approximately 80 percent of
the slope height. The corresponding value for a
slope in Beaumont clay is approximately 90 per-
cent of the slope height. If a water table that coin-
cides with the surface of a 2:1 slope was assumed,
the calculated factor of safety would be lower by
approximately 30 percent for the Paris clay slope
(from 0.95 to 0.67) and by 40 percent for the
Beaumont clay slope (from 1.06 to 0.60).



Table 8.3
clay

Influence of assumed piezometric surface profiles on calculated factors of safety for Paris

Factors of Safety

Factors of Safety

Slope Geometry and Piezometric with Negative Pore = with Zero Pore
Surface Profile Pressures Water Pressures
A
3:1 SLOPE
B
1.012 1.012
3:1 SLOPE
Percentage Difference (A vs. B) 0.5 0.5
C
N 2:1 SLOPE
D
—
/ 2 0.975 0.943
2:1 SLOPE
Percentage Difference (C vs. D) 2.4 0.3

Additional stability computations similar to
these described above were performed using the
strength envelopes at large strains. The depth of
the water table was back-calculated for each
slope and is tabulated in Appendix E. The dimen-
sionless ratio (Hy/H) is plotted versus the slope
ratio in Figure 8.5 for each of the slopes. As
expected, the results show that a decrease in the
ratio He/H occurs when the strength at large
strains is used. The decrease in the ratio Hg/H
varies for slopes in Beaumont clay between ap-
proximately 3 percent for a 3:1 slope and 7 per-
cent for a 2:1 slope. The corresponding decrease
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in the ratio Hy/H for slopes in Paris clay varies
from approximately 17 percent for a 3:1 slope to
35 percent for a 2:1 slope.

Relationship Between the Age of Slopes
and Pore Pressure Coefficients

Pore water pressure coefficients back-calculated
using the peak strength envelopes are plotted ver-
sus the age of the slope at failure in Figure 8.6.
There appears to be no relationship between the
age of the slope and the pore water pressure coef-
ficients at failure.



Table 8.4
Beaumont clay

Influence of assumed piezometric surface profiles on calculated factors of safety for

Factors of Safety Factors of Safety
Slope Geometry and Piezometric with Negative Pore with Zero Pore
Surface Profile Pressures ‘Water Pressures
A
3:1 SLOPE
B _
/ 1.004 1.004
. v A .
3:1 SLOPE
Percentage Difference (A vs. B) 0.5 0.5
C
1.056 1.046
- 2:1 SLOPE
D
)%: 1.087 1.049
2:1 SLOPE
Percentage Difference (C vs. D) 29 0.3

Comparison Between the Measured and
Calculated Depths of Slide

The depths of slide reported for the case histo-
ries are compared in Figure 8.7, with the calcu-
lated depths of slide obtained from the critical
circles in the stability computations. Stability com-
putations were performed using the peak strength
envelopes. It can be seen that good agreement
was obtained between the computed and re-
ported depths of slide. The critical circles deter-
mined from the stability analyses are representa-
tive of the shallow slide surfaces that develop in
the field.
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CONCLUSIONS AND RECOMMENDATIONS

Stability analyses indicate that relatively high
pore water pressures may have existed in many of
the embankments constructed of Paris and Beau-
mont clays which failed. Although there is rela-
tively little data in the literature, significant posi-
tive pore water pressures have been measured in
other clay embankments which failed, as reported
in the literature. The literature suggests that rela-
tively shallow water tables may develop very near
the surface of the slope. Such shallow water tables
agree closely with what has been back-calculated
for the slope failures in Paris and Beaumont clays.
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The position of the water table beyond the toe
of the slope, or behind the crest of the embank-
ment, has little influence on the stability of the
embankments considered. Furthermore, the devel-
opment of negative suction pressures above the
water table did not appear to influence the stabil-
ity significantly.

Using peak strength envelopes, water table
heights corresponding to 80 and 90 percent of
the slope height were calculated for 2:1 slopes in
Paris and Beaumont clays, respectively. The water
table height coincides with the height of the
slope for 3:1 slopes in both clays. Using the
strength envelope at large strains, water table
heights decreased by 3 to 7 percent for slopes in
Beaumont clay and by 17 to 35 percent for slopes
in Paris clay.

Back-calculated pore water pressures indicate
that, for slopes flatter than 3:1, either a water table
that coincides with the surface of the slope or
pore water pressure coefficients ranging from ap-
proximately 0.5 to 0.6 should be used for design.
This is based on pore water pressures that were
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back-calculated using the peak -effective-stress
shear strength envelope for specimens that were
subjected to wetting and drying. Accordingly, the
strengths used for design should be equivalent to
the strengths of specimens subjected to wetting
and drying. As shown earlier, these strengths may
be obtained either from specimens which have
been subjected to wetting and drying, or by mea-
suring the “fully softened” strengths using speci-
mens that are normally consolidated from a slurry.

For slopes steeper than 3:1, back-calculated
pore water pressures were lower by as much as 30
to 40 percent than those calculated for 3:1 slopes
and flatter. However, it is not known if higher
pore water pressures would have developed had
the slopes not failed first. Accordingly, the same
pore water pressure conditions are recommended
for design of slopes steeper than 3:1, as have been
recommended for design of slopes 3:1 and flatter.
That is, either a water table that coincides with the
surface of the slope or pore water pressure coeffi-
cients ranging from approximately 0.5 to 0.6 are
recommended for design.



CHAPTER 9. CONCLUSIONS AND RECOMMENDATIONS

SUMMARY AND CONCLUSIONS

A series of consolidated-undrained triaxial com-
pression tests with pore water pressure measure-
ments was performed on compacted specimens
subjected to repeated cycles of wetting and drying.
The purpose of these tests was to determine the
effect of wetting and drying on the long-term
shear strength properties of compacted highly
plastic clays used to construct embankments in
Texas. Additional tests were performed on speci-
mens tested in their as-compacted condition, with-
out wetting and drying, to compare the strength
properties before and after wetting and drying. A
third series of tests was performed on normally
consolidated specimens to determine if the fully
softened strength might be applicable for the
problem of shallow slides in embankments.

Wetting and drying was found to produce a
drop in strength from that which was measured for
specimens tested in the as-compacted condition.
This loss in strength occurred in the effective-
stress failure envelope over a range of stresses
which is applicable to the problem of shallow
slides in the field. Test results also revealed that
normally consolidated specimens, and compacted
specimens subjected to wetting and drying have
comparable effective-stress shear strength enve-
lopes. Other experiments were performed to deter-
mine the clay particle orientations for compacted
specimens which were subjected to wetting and
drying as well as those for normally consolidated
specimens. These experiments indicated that the
clay particle orientations were very similar for the
two types of specimens. This agreement suggests
that similar effective-stress shear strength enve-
lopes correspond to similar soil structures. Hence,
the long-term strength properties of compacted
highly plastic clay embankments exposed to cyclic
wetting and drying may be measured in the labo-
ratory by performing tests on laboratory prepared
specimens of the soil in a normally consolidated
state.

Computations were performed to compare the
calculated and observed stability conditions for
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two case histories. Stability analyses confirmed that
the reduction in strength due to wetting and dry-
ing partially explains the observed shallow slope
failures. Stability analyses also revealed that the
back-calculated pore water pressures at failure
were higher than anticipated at the outset of the
current study, and assumed previously by Stauffer
and Wright (1984) and by Green and Wright
(1986). The stability analyses showed that signifi-
cant positive pore water pressures would have to
exist in the two embankments to cause failure.

Pore water pressures were back-calculated for
34 shallow slope failures in embankments con-
structed of Paris and Beaumont clays. These calcu-
lations indicated that relatively high pore water
pressures may exist at failure. A survey of the lit-
erature for clay embankments, where pore water
pressures were measured at failure, revealed that
relatively shallow piezometric surfaces may de-
velop very near the surface of the slope. Such
shallow piezometric surfaces agree closely with
what has been back-calculated for the slope fail-
ures in this study.

Back-calculated pore water pressures indicate
that for slopes flatter than 3:1, either a water table
that coincides with the surface of the slope or
pore water pressure coefficients ranging from ap-
proximately 0.5 to 0.6 should be used for design.
This is based on pore water pressures that were
back-calculated using the peak effective-stress
shear strength envelope for specimens that were
subjected to wetting and drying. ‘Accordingly, the
strengths used for design should be equivalent to
the strengths of specimens subjected to wetting
and drying

For slopes steeper than 3:1, back-calculated
pore water pressures were lower by as much as 30
to 40 percent than those calculated for 3:1 slopes
and flatter. However, it is not known if higher
pore water pressures would have developed had
the slopes not failed first. Accordingly, the same
pore water pressure conditions are recommended
for design of slopes steeper than 3:1, as have been
recommended for design of slopes 3:1 and fatter.
That is, either a water table that coincides with the



surface of the slope or pore water pressure coeffi-
cients ranging from approximately 0.5 to 0.6 are
recommended for design.

RECOMMENDATIONS FOR FUTURE
RESEARCH

Determination of the pore water pressures that
develop in embankment slopes constructed of
Paris and Beaumont clays is necessary to confirm
the pore pressure values back-calculated from the
slope failures in the current study. In-situ pore wa-
ter pressure measurements may also be used to
back-calculate a failure envelope that takes into
account the effect of the shearing stresses, due to
cyclic wetting and drying, in the field.
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Remedial measures also need to be explored for
resolving the problem of delayed shallow slides in
embankment slopes. Vaughan et al (1978), Lumb
(1975), and Symons (1979) have considered the ef-
fect of vegetation on impeding the infiltration of a
wetting front into the embankment soils. Parsons
and Perry (1985) and Vail and Beattie (1985) have
evaluated the effectiveness of placing gravel layers
beneath the top soil to reduce the depth of sea-
sonal fluctuations. Parsons and Perry (1985) inves-
tigated the effect of open ditches and the ability of
slopes to shed water on the observed failure rates
in fill embankments. Detailed investigation of
some of these remedial measures and others
should be conducted to explore their application
to the shallow embankment slides in Texas.



APPENDIX A.

INVESTIGATION OF CHANGES IN

MATERIAL PROPERTIES OF THE PARIS CLAY

INTRODUCTION

A laboratory investigation was conducted to
compare the material properties of the soil in the
Paris embankment with the soil from the original
borrow area used to construct the embankment in
1966. Soil was obtained both from the embank-
ment and from the borrow area. Laboratory tests
were performed on these soils to measure the
physical, mineralogical, chemical, and shear
strength properties.

DESCRIPTION OF BORROW SITE

Design plans for the Paris embankment indi-
cated that a borrow site located approximately
one-half mile north of the actual embankment was
used to obtain soil for construction. The location
of the borrow site is shown in Figure A.1. The soil
profile at the site consists of 6 feet of dark clay
over 5 feet of light yellow clay underlain by light

grey clay. Plans for the embankment specified that
only the yellow clay be used for construction.

Two borings, 25 feet apart, were drilled at the
site, and soil samples were obtained from depths
varying from 7 to 10 feet. Samples obtained from
the borrow site are referred to as the Paris borrow
clay (Boring 1 or Boring 2); samples acquired
from the existing embankment are designated as
the Paris embankment clay.

PHYSICAL PROPERTIES

Tests conducted to measure the physical prop-

" erties of the borrow and embankment clays con-

sisted of index tests, grain size analyses, and
Standard Proctor compaction tests. Consolidated-
undrained triaxial compression tests with pore
water pressure measuremenis were also per-
formed to evaluate the consolidation properties
and the as-compacted shear strength properties of
the two soils.

SDHPT
Offices N
Borrow S
Site ‘547
- @
Slope
Failure % Missouri
- 36
ssouﬂ’Pam /
N @30)
T
= 2
Figure A.1 Location of borrow site used for the construction of the Paris embankment
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Index Property Tests

Results of Atterberg limit and specific gravity
determinations are tabulated in Table A.1. The re-
sults indicate that the clays from the two sources
are similar; the liquid limits are within 10 percent
of each other, and the difference in specific gravi-
ties is less than 1 percent.

Grain Size Analyses

Grain size distribution curves are shown in Fig-
ure A.2. It can be seen that the differences in the
grain size distributions for the borrow and the em-
bankment clays are insignificant.

Standard Proctor Compaction Tests

Standard Proctor compaction curves for the
borrow and the Paris embankment clays are
shown in Figure A.3. The difference in the

maximum dry density for the two clays is less
than 5 percent.

Triaxial Compression Tests

A series of isotropically consolidated-undrained
triaxial compression tests with pore water pres-
sure measurements was performed on laboratory
compacted specimens from the embankment and
borrow clays (Boring 1). Soil specimen prepara-
tion methods are presented in Chapter Three,
Triaxial testing procedures and triaxial test results
are presented in Appendices B and C, respec-
tively. Plots of the isotropic consolidation curves
are shown in Figure A.4. It appears that the com-
pression indices for the two types of materials
may be similar, as suggested by the nearly paral-
lel consolidation curves. The effective stress
paths are plotted in Figure A.5. It can be seen
that both clays produce essentially the same fail-
ure envelope.

Table A.1 Index properties for Paris clay samples from the embankment and borrow sites
Index Embankment Borrow Clay Borrow Clay
Parameters Clay (Boring 1) (Boring 2)

Liquid Limit (LL) 80 72 72

Plastic Limit (PL) 22 21 24

Plasticity Index (PD) 58 51 48
Specific Gravity (Gs) 2.71 2.72 2.73
Activity 0.97 0.84 0.84

Unified Soil Classification Symbol CH CH CH

30 [W Paris Embankment Clajr

@ Paris Borrow Clay (Boring 1)

20 A Paris Borrow Clay (Boring 2) |

PERCENT FINER THAN (percent)
8

10.0 0.1

0.01 0.001 0.0001

GRAIN SIZE (mm)

Figure A.2 Grain size distributions for Paris clay samples obtained from the embankment and berrow sites
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ELEMENTAL CONSTITUENTS AND
MINERALOGICAL PROPERTIES

The mineralogical properties of the Paris borrow
and embankment clays were determined by means
of the X-ray diffraction method. Qualitative X-ray
microanalyses were also performed to determine
the elemental constituents of both clays. Results
from these tests are presented in the following
sections.

X-Ray Diffraction Tests

The mineral constituents which were identified
in the embankment and borrow clays consist of
calcium montmorillonite, mica, illite, kaolinite,
quartz, and plagioclase feldspars.” New minerals,
such as calcium carbonate, were not identified in
the embankment clay.

Qualitative X-Ray Microanalyses

X-ray peaks obtained from X-ray microanalyses
are shown in Figure A.6 for the embankment clay
and in Figure A.7 for the borrow clay. The ele-
ments corresponding to the X-ray peaks are listed
on these plots. All the elements identified in the
borrow clay were also found in the embankment
clay, except chlorine (CD), which could not be
identified for the embankment clay. The presence
of chlorine in the borrow clay may be attributed
to local variations in the chemical composition of
the ground water at the borrow site.

CHEMICAL PROPERTIES

Tests performed to determine the chemical
properties consisted of soil pH measurements and
measurements for concentrations of exchangeuable
cations by the Flame photometer Atomic Absorp-
tion method (FAA). Test results are presented in
the following sections.

5000
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4000 +
]
:
3 3000 + Fe
&
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=
Q
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Specific Energy (Kev)
Figure A.6 Elemental Constituents for Paris Clay Specimens from the Embankment Site Using X-ray

Microanalyses Techniques
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Figure A.7 Elemental constituents for Paris clay specimens from the borrow site using X-ray

microanalyses techniques

Soil pH Tests

Soil pH was used to determine whether the soil
was acidic, neutral, or basic. The pH of a solution
is defined as the negative logarithm (base 10) of
the hydrogen ion activity according to the follow-
ing equation:

pH = -logglH*

A pH of less than 4 indicates the presence of
free acids; a pH of less than 5.5 suggests the likely
occurrence of exchangeable aluminum; and a pH
from 7.8 to 8.2 indicates the presence of calcium
carbonate, CaCO3 (Methods of Soil Analysis, 1982).

There are a number of factors that may influ-
ence the measured pH, including the nature and
type of inorganic and organic constituents in the
soil, the soil solution ratio, the salt or electrolyte
content, and the CO, content. CO, dissolved di-
rectly from the atmosphere lowers the pH of the
soil solution (Methods of Soil Analysis, 1982).

Experimental Procedures

Soil pH measurements were performed by mea-
suring 5 grams of soil (oven-dry weight) and 20
ml of 0.1M NaCl solution. The soil and the NaCl
solution were mixed for a period of 30 minutes
prior to measuring the pH values. A commercial
pH meter connected to a glass electrode paired
with a Calomel (Hg-Hg,Cl) reference electrode was
used. The glass electrode was placed in the soil
solution, and pH values were recorded once the
readings had stabilized.
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Soil samples used for testing consisted of air-
dried soil at a 5 percent moisture content and wet
soil at a 30 percent moisture content. The air-dried
soil was in contact with the air (CO,) in the labo-
ratory atmosphere for approximitely 3 months.
The wet soil was stored in double plastic bags
from the time it was obtained from the field until
the time of testing. Soil pH measurements are
tabulated in Table A.2. The difference in pH val-
ues between the borrow and embankment clays,
and between the wet and dry soil, is insignificant.

Measurement of the Exchangeable
Cations

The concentrations of four exchangeable cat-
ions—Ca2+, Mg2?*, K*, and Na*—were determined
for the Paris borrow and embankment clays. Ex-
changeable cations are those that can be ex-
changed by a cation of an added salt solution.
Measurement of these cations was performed ac-
cording to the guidelines provided by the manual
on Methods of Soil Analysis (1982). The soil was
combined with an excess of 1N NH;OAc (ammo-
nium acetate) solution such that maximum ex-
change occurs in a few minutes. The soil solution
was mixed for 10 minutes, and then was placed in
a centrifuge at 2,000 rpm for an additional 10 min-
utes. The supernatant liquid was extracted, and the
concentrations of the exchangeable cations were
determined based on the Flame photometer
Atomic Absorption method. An Inductively
Coupled Plasma Emission Spectrophotometer (ICP)
was used to measure the cations concentrations.
Cation concentrations for the embuankment and the



borrow clays (Boring 2) are presented in Table
A.3. These results indicate that the Paris clay is
mainly a calcium clay. The difference in the con-
centrations of the calcium cations between the
embankment and the borrow clay is insignificant
(less than 7 percent). The cation concentrations
for the other elements (K*, Mg2+, Na*) are rela-
tively small.

CONCLUSIONS

Physical properties, mineralogical composition,
elemental constituents, and chemical properties
were determined for samples of Paris clay taken
from the embankment and original borrow sites.
Test results indicated that the clays from the two
sources are similar.

Table A.2  pH values for Paris clay samples from the embankment and borrow sites
Soil Type Soil Dry Soil Wet
Embankment Clay 7.2 7.3
Borrow Clay (Boring 1) 7.3 7.4
Borrow Clay (Boring 2) 7.3 7.3

Table A.3  Cation concentrations for Paris clay samples from the embankment and borrow sites
Concentrations [Mg/L]
Cations Embankment Clay Borrow Clay
Ca?* 460 430
K* 100 50
Mg?* 45 20
Na* 50 100
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APPENDIX B.

INTRODUCTION

The triaxial shear test procedures employed for
consolidated-undrained triaxial compression tests
with pore water pressure measurements are pre-
sented in this Appendix. Procedures for setting up
specimens in the triaxial cells, back-pressure satu-
ration and consolidation, and triaxial shear are de-
scribed.

PROCEDURE FOR SETTING UP TRIAXIAL
SPECIMENS

Prior to setting up a specimen in the triaxial
cell, the lines leading to the base of the cell and
specimen were saturated with deaired water. For
compacted soil specimens, the specimens were
placed directly on the porous stone in the triaxial
cell. For normally consolidated specimens, and
specimens subjected to wetting and drying, a po-
rous stone was placed on the specimen prior to
transferring it to the triaxial cell. The specimen,
underlain by the porous stone, was then trans-
ferred to the base pedestal of the triaxial cell using
a plastic wrap sprinkled with talcum powder. With
this procedure, it was possible to adjust the posi-
tion of the specimen on the base pedestal without
disturbing' the soil specimen A 1.5-inch-diameter
disk of filter paper was placed between the po-
rous stone and the specimen. The top cap was po-
sitioned on top of the specimen, and a vertical fil-
ter paper drain prepared from Whatman No. 1
chromatography paper was moistened and
wrapped around the perimeter of the specimen.
The filter paper was cut to remove alternating ver-
tical strips such that approximately 50 percent of
the perimeter of the specimen was covered. Two
membranes were placed on the specimen using a
suction membrane expander. The membranes were
sealed against the top and bottom caps with rub-
ber O-rings. The cell and top plate of the triaxial
apparatus were then assembled and secured. The
loading rod was coated with silicon oil, slowly
pushed through the ball bushing assembly in the
op plate of the cell, and seated in the top cap.
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TRIAXIAL SHEAR TEST PROCEDURES

The triaxial cell was filled with deaired water, and
the height of the specimen was measured. At this
stage, the specimen was ready for back-pressure
saturation.

BACK-PRESSURE SATURATION AND
CONSOLIDATION

Specimens were back-pressure suaturated prior to
isotropic consolidation to the final effective con-

solidation pressure. For specimens consolidated to

a final effective consolidation pressure of 5 psi or
less, the effective consolidation pressure used dur-
ing back-pressure saturation was typically 1 psi
lower than the final effective consolidation pres-
sure. For specimens consolidated to final effective
consolidation pressures higher than 5 psi, the ef-
fective consolidation pressure during back-pressure
saturation was 5 psi.

A soil specimen was brought to full saturation
by incrementally increasing the applied back-
pressure and cell pressure. The back-pressure was
increased in 5-psi pressure increments. Skempton's
B-coefficient (Skempton, 1954) was measured at
the end of each increment to determine whether
the soil specimen had achieved full saturation.

Once the measured B-value indicated full satu-
ration, the specimen was isotropically consolidated
to the effective consolidation pressure. Specimens
were consolidated to pressures ranging from 1 psi
to 35 psi. The pressure increments applied for
consolidation did not exceed 10 psi. Prior to ap-
plying the final consolidation pressure, the triaxial
cell was placed on the loading press to establish
equilibrium. This was necessary because the
triaxial cell was 15 inches higher in the loading
press than the laboratory level. A 15-inch-high wa-
ter column increases the applied pressure on the
specimen by approximately 0.5 psi.

TRIAXIAL SHEAR PROCEDURE

Once a specimen was saturated and con-
solidated, it was sheared to failure at a constant
rate of deformation with no drainage. The rate of



deformation was determined by estimating the
times to failure for a number of specimens. Se-
lection of the rate of shear is explained below.

Selection of Rate of Deformation

Constant rates of deformation of 0.0009 inches
per hour and 0.0047 inches per hour were selected
for the Paris and the Beaumont clays, respectively.
These rates were applied to all specimens of the
respective soils. The rates of deformation were de-
termined based on estimates of the times required
to failure for several tests. However, because of
the uncertainties involved in computing an actual
rate of deformation from theoretical calculations of
times to failure, slower rates than the theoretically
calculated values were chosen. '

Times to failure wvalues (t) were calculated
based on the coefficient of consolidation (c) and
the drainage path within the specimen (H). Bishop
and Henkel (1962) suggested that for drainage
from one end and through the radial boundary,
the coefficient of consolidation (c) can be calcu-
lated with the following equation:

_ nH?

where H is one-half the height of the specimen
during consolidation, and t;o¢ is determined from
consolidation data using Bishop and Henkel's ap-
proach (1957), in which the volume change during
consolidation is plotted versus the square root of
consolidation time.

Times to failure (t) were determined based on
the minimum time to failure which corresponds to
a degree of pore pressure equalization of 95 per-
cent in an undrained triaxial shear test with all-
around drainage (Blight, 1963):

_ 0.07H?
C

Lg
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The calculated times to failure are presented in
Table B.1 for a selected number of tests. The se-
lected rates of deformation (0.0009 inches per
hour for the Paris specimens, and 0.0047 inches
per hour for the Beaumont specimens) are consid-
erably slower than the rates based on the calcu-
lated times to failure (approximately twenty times
slower for the Paris specimens, and ten times
slower for the Beaumont specimens). Such slow
rates were intended to ensure the equalization of
the pore water pressures during shear along the
height of the specimen. The equalization of pore
pressures in the specimen was necessary since
pore water pressures were being measured
through the base of the specimen.

During shear, the axial deformation, axial load,
and pore water pressure were measured at regular
time intervals. These values were recorded by
means of an automated data acquisition system.
Specimens were sheared to maximum axial strains
ranging from approximately 18 to 22 percent.

CONCLUSION OF TEST

At the conclusion of each triaxial test, all valves
connected to the base pedestal of the triuaxiil cell
were closed, pressure lines were disconnected,
and the triaxial cell was dismantled. For approxi-
mately twenty specimens, either the dimensions of
the shear plane and its inclination were deter-
mined (in the case of failure along a shear plune),
or the diameter of the specimen at different
heights was measured (in the case of a bulging
failure). The membranes and the vertical filter pa-
per drains were removed after measuring the ap-
plicable dimensions. The triaxial specimen was
then removed from the base pedestal and placed
in an oven to dry at a temperature of 110°C. The
final moisture content of the specimen was deter-

mined after drying for approximately 48 hours.



Table B.1 Times to primary consolidation, times to failure and coefficients of consolidation for Paris
and Beaumont clay specimens

Test Soil Cc t100 c tr

No. Type (psi) (min) (in*/min) (min)
C26.01 Paris 1.0 25 3.5 x 1073 45
C20.35 Paris 35.0 400 2.2 x 104 716
$36.02 Paris 2.0 30 2.9 x 1073 55
$31.35 Paris 35.0 350 2.5 x 104 630
$45.02 Paris 2.0 25 3.5 x 1073 45
$44.30 Paris 30.0 370 2.4 x 104 656
C72.02  Beaumont 2.0 15 5.8 x 10-3 27
C71>.25 Beaumont 25.0 150 5.8 x 1074 272
$53.04 Beaumont 4.0 25 3.5 x 1073 45
$58.34 Beaumont 34.0 190 4.6 x 1074 342
W65.02  Beaumont 2.0 20 4.4 x 1073 35
W64.30  Beaumont 30.0 160 5.4 x 1074 292
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APPENDIX C.

Tabulated results for triaxial compression tests
performed on the Paris and Beaumont clay speci-
mens are presented in this Appendix. Results are
summarized for compacted specimens tested in
both the as-compacted condition and after wetting
and drying, as well as for specimens which were
consolidated from a slurry. Summary plots of these
results were presented in Chapters 4 and 5. Test
results for each test consist of axial strain, minor
principal effective stress, principal stress differ-
ence, effective principal stress ratio, and A coeffi-
cients. The measured deformations, loads, and
pore water pressures, the effective consolidation
pressure, the area correction factor (Appendix D),
and the height of the specimen at the end of con-
solidation are also tabulated for each test.

Triaxial tests were identified by names consist-
ing of letters and numbers. Triaxial test names
were divided into three groups based on the type
of specimen at the time of set-up. Specimens

Table C.1 Specimen numbering system

TRIAXIAL TEST RESULTS

tested in the as-compacted condition were desig-
nated by the letter “C,” specimens consolidated
from a slurry were designated by the letter “S,”
and specimens subjected to wetting and drying
were designated by the letter “W.” Specimens in a
given group were numbered according to the se-
quence in which they were tested. A suffix was
appended to the test names to designate the effec-
tive consolidation pressure (consolidation pres-
sures are preceded with a decimal point in the test
name). For example, test C20.35 designates a
specimen of Paris clay which was tested in an as-
compacted condition, and was isotropically con-
solidated to an effective consolidation pressure of
35 psi. The specimen numbering system is shown
in Table C.1. Tabulated test data are presented in
the following pages. The first line of each page
gives the test name; there is one page per test.
Tests results are arranged according to the se-
quence in which they were tested.

Condition of Specimen
at the Time of Set-Up

Test Number

As-Compacted Paris Clay
(Soil from Borrow Site)

As-Compacted Paris Clay
(Embankment Soil)

Consolidated from a Slurry
(Paris Clay)

After Wetting & Drying
(Paris Clay)

Consolidated from a Slurry
(Beaumont Clay)

After Wetting & Drying
(Beaumont Clay)

As-Compacted Beaumont Clay
(Embankment Soil)

C10.XX C19.XX

to

C20.XX to C29.XX

S30.XX to S$39.XX

W40.XX to W49.XX

S50 XX to S$59.XX

W60.XX to W69.XX

C70.XX to C79.XX
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TEST NAME: Cl1.40

CONSQLIDATED-UNDRAINED TEST, COMPACTED PARIS BCRROW CLAY

HEIGHT PRIOR TO SHEAR
DIAMETER PRIOR TO SHEAR

AREA CORRECTION FACTOR

DEF.
(in)

.00
.00
.00
.00
.00
.01
.01
.01
.01
.02
.02
.02
.03
.04
.04
.05
.06
.07
.08
.09
.10
.13
.14
.16
.18
.22
.25
.27
.31
.34
.36
.40
.43
.44
.49
.31
.53
.55
.57
.60

FORCE
(1b)

.Q0
.56
.32
.86
.76
.70
.85
.46
.25
.05
.81
.21

P.PRES.

(psi)

AXIAL  MINOR PRIN DEVIATORIC STRESS

STRAIN % STRESS psi

e e
oW

=
o e

el e
W W ~J -

e
HHEO®D®-JIOWUE &WNNNFF P P

3.04 in

1.00
EFFECTIVE CONSOLIDATICN PRESSURE

.00
.02
.05
.08
.14
.21
.27
.34
.38
.53
.67
.81
.94

1.50 in

40.
38.
.32
.34
.47
.33
.19
.21
.52
.92
.82
.71
.81
.16
.64
.61
.23
.14
.94
.05
.14
.66
.45
.26
.24
.93
.22
.22
.64
.25
.39
.75
.59
.37
.24

67

Q0
37

40.00 psi

STRESS psi

.00
.71
.40
.39
.71
.92
.68
.13
.13
.22

RATIO

Rl e N e e e e N N N R N N N N N N O N N N N N e e e e e e e e e N el S

.00
.10
.17
.23
.34
.42
.49
.55
.59
.70
.78
.86
.93
.01
.08
.11
.17
.20
.24
.25
.26
.27
.29
.31
.26
.13
.13
.12
.06
.03
.97
.92
.91
21
.86
.84
.84
.82
.81
.82

.52
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TEST NAME: C12.30

CONSOLIDATED-UNDRAINED TEST, COMPACTED PARIS BORROW CLAY

HEIGHT PRIOCR TO SHEAR

DIAMETER PRIOR TO SHEAR

AREA CORRECTION FACTOR

DEF.
(in)

FORCE
(1b)

.00
.26
.37
.88
.70
.91
.52
.42
.74
.78
.53
.74
.51
.99
.21
.38
.48
.23
.81
.67
.53
.91
.65
.14
.74
.93
.14
.77
.33
.64
.81
.85
.47
.18
.00
.08
.79
.02
.51
.71

P.PRES.

(psi)

el i i el el el el el N SN S S S e
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AXIAL
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e
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3.05 in

1.00
EFFECTIVE CONSOLIDATION PRESSURE

.00
.02
.05
.09
.15
.21
.29
.36
.48
.61
.74
.86
.07
.27
.47
.75
.10
.46
.97
.51
.13
.75
.38
.00
.62
.31
.36
.18
.03
.85
.70
.59
.15
.93
.34
.16
.98
.57
.20
.41

1.52 in

- MINCR PRIN DEVIATORIC STRESS
STRAIN % STRESS psi

30.
28.

27
27

17

17

21

00
95

.89
.05
25.
24.
23.
22.
21.
21.
20.
19.
18.
18.
.96
18.
17.
17.
.32
16.
17.
16.
16.
17.
18.
18.
18.
19.
19.
19.
19.
20.
20.
20.
20.
20.
20.
20.

56
55
50
75
84
21
44
59
85
68

06
84
25

94
25
99
75
84
11
49
74
59
34
93
80
19
83
11
73
81
25
65

.18
20.

39

30.00 psi

STRESS psi

.00
.90
.71
.63
.27
.02
.44
.46
.70
.78
.70
.33
.22
.97
.56
.10
.59
.90
.62
.95
.24
.27
.02
.10
.24
.60
.46
.04
.57
.51
.39
.17
.84
.03
.05
.87
.53
.48
.54
.87

RATIO

HEPFPERPRRPEFEDODDODNODPNDDPODPNODPNODNDPNODNODNNNDNODNODNDNNDNODNNDNNODNDNODNDHEEREREHEEREEHEBERE PR

.00
.10
.20
.28
.40
.49
.57
.64
.72
.79
.87
.94
.02
.07
.14
.17
.21
.27
.31
.35
.35
.37
.43
.35
.34
.33
.30
.23
.22
.13
.08
.05
.00
.00
.97
.95
.96
.94
.92
.93



TEST NAME: C13.10

CONSOLIDATED-UNDRAINED TEST, COMPACTED PARIS BORROW CLAY

HEIGHT PRIOR TO SHEAR

DIAMETER PRICR TC SHEAR

AREA CORRECTION FACTOR

DEF.
(in)

FORCE P.PRES.

(1b)

LUV LULLOTULTULTUTOLTOULUOYOYOYOYOYOY LT LT LLLTLULTLULT UV D B B WWWNDNDREE

(psi)

.00
.77

AXIALL, MINCR PRIN DEVIATORIC STRESS
STRAIN % STRESS psi

[=0)
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+

el el
WNHEFOOV®IJOAVLWNNNRR PP

el el
[ BN R

3.07 in
1.56 in

1.00
EFFECTIVE CONSOLIDATION PRESSURE

10.00 psi

1

Db bbb bbb bbb bWLWLWWWLWWEBE B BOLOOLOOLOLOUODNMIUANANN DO WO

69

.00
.23
.73
.34
.97
.32
.82
.36
.07
.89
.66
.52
.89
.68
.91
.48
.40
.31
.19
.99
.83
.84
.90
.94
.00
.10
.27
.45
.49
.41
.41
.37
.49
.64
.59
.57
.74
.94
.02
.78

STRESS psi

NNV 0o0OOOWYWW OO MO -)-JauasewhN

.00
.02
.44
.26
.01
.15
.02
.58
.00
.33
.49
.57
277
.82
.84
.89
.90

RATIO

PNV LWLVWLLLVLLWWWLWWLWDNDDDDDDNDDNDDDDNDDNDNDRP P RPRR PR

.00
.22
.39
.51
.63
.84
.03
.19
.32
.41
.30
.55
.79
.88
.80
.98
.C2
.06
.13
.24
.31
.33
.29
.29
.26
719
.10
.02
.98
.94
.86
.74
.60
.60
.65
.66
.57
.50
.45
.49



TEST NAME: C14.05

CONSOLIDATED-UNDRAINED TEST, COMPACTED PARIS BORROW CLAY

HEIGHT PRIOR TO SHEAR

DIAMETER PRIOR TO SHEAR

AREA CORRECTION FACTOR

DEF.
(in)

.00
.00
.00
.00
.00
.01
.01
01
.01
.02
.02
.03
.03
.04
.05
.06
.07
.09
.10
.11
.13
.14
.18
.20
.23
.25
.27
.29
.31
.35
.37
.40
.42
.47
.49
.31
.35
.57
.59
.61

FORCE
(1b)

.00
.91
.61
.88
.64

P.PRES.

(psi)

PRPRPHERPPRPHERPRRERRPERERRPRPERONNROONONNNRNNDRN

.00
.42
.83
.25
.57
.05
.30
.43
.47
.34
.27
.21
.20
.12
.24
.04
.12
.99
.92
.93
.74
.60
.43
.58
.35
.53
.50
.41
.35
.30
.31
.20
.19
.17
.14
.10
.88
.83
.80
.83

AXIAL MINOR PRIN DEVIATORIC STRESS
STRAIN % STRESS psi

WWOWooJdoowuma s WWwNhDNORPEERP P

3.11 in
1.56 in

1.00
EFFECTIVE CONSOLIDATION PRESSURE

.00
.03
.06
.09
.12
.18
.24
.39
.37
.53
.67

70

BB B A WWWWWWWWWOWWWWwouwwwwwwhhoproPoNDRDNDNDNDDDDNNDWWEeE e,

.00
.58
.17
.75
.43
.95
.70
.57
.53
.66
.73
.79
.80
.88
.76
.96
.88
.01
.C8
.07
.26
.40
.57
.42
.45
.47
.50
.59
.66
.70
.70
.81
.81
.84
.87
.91
.14
.19
.22
.19

5.00 psi

STRESS psi

[o 2N o2 N o )W 02N o A9 o Ao AW o 2 9o A W0 A Mo MW o A SRS IRESS NS IRENS o A WESS B AJIESN RSN JRESS RSN IS e o JRESS e  JUESS NCSN o o i ¢ SN IS IESS o )Y W) IV O 00 ol

.00
.52
.92
11
.02
.28
.C3
.54
.89
.17
.07
.98
.96
.01
.52
.03
.94
.78
.69
.49
.39
.97
.13
.95
.04
.05
.06
.10
.70
.94
.86
.93
.76
.13
.73
.70
.68
.69
.64
.46

RATIO

.00
.33
.70
.10
.47
.13
.61
.94
.12
.07
.95
.86
.84
.78
.72
.71
.15
.59
.50
.44
.27
.05
.99
.03
.04
.03
.02
.98
.83
.87
.86
.82
.17
.75
.74
71
.61
.59
.57
.54

.00
.27
.28
L3l
.32
.33
.33
.32
.31
.29
.28
.28
.28

.30
.25
.27
.26

.25
.23
.23
.20

.23

.22
.21
.20
.20
.19
.18
.17
.18

17
17

o -
-

.18
.13

12
.12
s



TEST NAME: C15.21

CONSOLIDATED-UNDRAINED TEST, COMPACTED PARIS BORROW CLAY

HEIGHT PRIOR TC SHEAR
DIAMETER PRIOR TO SHEAR

AREA CORRECTION FACTOR

DEF.
(in)

.00
.00
.00
.00
.00
.01
01
.03
.04
.04
.05
.06
.07
.08
.09
11
.13
.14
.17
.18
.19
.22
.24
.26
.27
.29
.32
.34
.35
.36
.39
.42
.44
.47
.50
.33
.54
.55
.57
.60

FORCE

(1b)

.00
.13
.07
.14
.97
.19
.65
.15
.10
.14
.66
.35
.14
.95
.67
.45
.29
.93
.09
.73
.46
.78
.99
.53
.80
.26
.04
.24
.43
.36

P.PRES.

(psi)
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o
COOOWWWM®-INOWWN H K

-
N9 )00 OO0 ®WIWWYO

.00
.80
.36
.86
.70
.43
.94
J31

.17

AXIAL  MINOR PRIN DEVIATORIC STRESS
STRAIN % STRESS psi

e
o

= e
W -9~

s
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NSNS
WNHHHEOWMOOO IO UYL & WR NN

3.05 in
1.52 in

1.00
EFFECTIVE CONSOLIDATION PRESSURE

.00
.03
.06
.09
.14
.20
.26
.06
.19
.45
.71
.96
.30
.61
.96
.48
.10
.72
.51
.93
.36
.18
.00
.43
.82

21.00 psi

21.
20.
19,
19.
18.
17.
17.
.69
14.
.13,
12.
12.
11.
11.
.15
10.
10.
.69
10.
10.

14

11

10

10

10

11

71

Q0
20
64
14
30
57
06

14
23
70
17
97
48

77
44

25
64

.48
10.
.79
10.
11.
11.
.74
12.
12.
12.
12.
12.
12.
12.
13.
13.
13.
13.
13.
13.

87

84
14
47

32
59
64
73
46
44
72
12
44
56
55
67
87

STRESS psi

.00
.72
.33
.47
.02
.23
.02
.03
.52
.01
.23
.07
.43
.81
.13
.45
.78
.99
.92
.17
.46
.45
.39
.57
.62
.17
.38
.85

RATIO

DRNRNRDNRNRORDRONRNRNRNRNRNRNNNNRONNNNNNNNONNONNRNNNONRORNE EH P e

.00
.09
.17
.23
.33
.41
.47
.89
.96
.06
.12
.24
.29
.38
.45
.53
.61
.59
.65
.61
.67
.61
.61
.62
.58
.58
.48

A
CQEF

.00
.47
.41
.42
.45
.47
.49
.48
.51
.55
.58
.39
.58
.6C
.61
.62
.63
.61
.64
.60
.60
.58
.58
.58
.56
.52
.53
.48
.48
.49
.48
.51
.52
.51
.50
.48
.47
.47
.46
.46



TEST NAME: C20.35

CONSOLIDATED-UNDRAINED TEST, COMPACTED PARIS EMBANKMENT CLAY

HEIGHT PRIOR TO SHEAR
DIAMETER PRIOR TO SHEAR

AREA CORRECTION FACTOR

DEF.
(in)

FORCE
(1b)

.00
.01
.00
.19
.61
.92
.06
.19
.64
.72
.29
.33

P.PRES.

(psi)

.00
.79

.94
.14
.42
.11
.68
.12
11
.00
.37
.01
.79
.58
.06
.75
.33
.08
.88
.15
.08
.92
.10
.86
.06
.54
.99
.48
.82
.60
.02
.48
.27
.65
.30
.10
.12
.00
.44
.80

AXTAL, MINOR PRIN DEVIATORIC STRESS
STRAIN % STRESS psi

2 R e
WOIOUNBEWNNOO

O~JAaOhUUdWWWNNDEPRF P

2.95 in
1.53 in

1.00
EFFECTIVE CONSOLIDATION PRESSURE

.00
.06
.12
.18
.26
.33
.39
.47
.57
.66
.73
.86
.99
.14
.32
.56
.90

35.00 psi

35.
31.
30.
28.
27.
26.
26.
25.
24.
24.
23.
22.
22.
21.
20.
20.
19.
18.
.12
16.
16.
16.
15.
15.
14.
15.
15.
15.
15.
14.
14.
16.
16.
16.
16.
16.
16.
18.
17.
17.

17

72

00
21
06
86
58
89
32
88
89
00
63
99
21
42
94
25
67
92

STRESS psi

.00
.34
.96
.68
.98
.67
.28
.87
.63
.19
.48
.01
.61
.10
.64
.25
.96
.65
.16
.84
.10
.53
.88
.42
.82
.00
.27
.45
.55
.14
.10
.62
.71
.80
.42
.12
.60
.43
.96
.58

RATIO

HE B REPRPRPORNRNRONRNONNRNRNRNNORNRNORN R R R e e e

.00
.14
.20
.27
.33
.36
.39
.42
.47
.51
.53
.57
.61
. 66
.70
.75
.81
.88
.00
.06
.07
.13
.19
.28
.33
.29
.33
.32
.35
.47
.41
.19
.06
.03
.98
.95
.92
.86
.85
.85
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TEST NAME: C22.12

CONSOLIDATED-UNDRAINED TEST, COMPACTED PARIS EMBANKMENT CLAY

HEIGHT PRIOR TO SHEAR

DIAMETER PRIOR TO SHEAR

AREA CORRECTION FACTOR

DEF.
(in)

.00
.00
.00
.00
.01
.01
.01
.01
.02
.02
.02
.03
.03
.03
.04
.05
.06
.07
.07
.09
.10
.12
.13
.16
.18
.18
.20
.22
.27
.29
.31
.33
.38
.39
.41
.44
.48
.53
.58
.61

FORCE
(1b)

.00
.78
.86
.27

P.PRES.

(psi)

.00

BBV D D B DB WWWWNDND P

.54
.08
.57
.19
.78
.18
.54
.87
.93
.13

AXIAL MINOR PRIN DEVIATORIC STRESS

STRAIN $ STRESS psi

S
e IRUNT, IN

[
(Vo]

el
WRNNOWVOVLDIAVUUNBE WWRNRNNEHE PP

3.08 in

1.00
EFFECTIVE CONSOLIDATION PRESSURE

.00
.01
.06
.11
.17
.23
.31
.42
.52
.62
.78
.88
.00
.10

1.53 in

12.
11.
10.
10.

73

Lo o B N I R R N N I\ e AW A0 A W0 A0 A W0 A W0 AN e A W e A A 00 Ao AR o A W ANNe AR SR R DN BN IR RN 0 o 0 o B o e o JEV o IV 0 )

12.00 psi

STRESS psi

=
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e
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—
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=
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=
WWYWWYWWWWoOOo

.00
.06
.27
.57
.49
.20
.73
.23
.62
.82
.15
.31
.49
.56
.80
.94
.18
.43
.50
.74
.87
.08
.10
.30
.39
.47
.52
.73
.86
.86
.79

RATIO

NNV NRNRONNNRNONNNNRONNNNNR R B

.00
.18
.39
.53
.66
.78
.88
.97
.06
.09
.16
.21
.29
.29
.35
.41
.46
.52
.57
.65
.65
.68
.78
.77
.81
.89
.82
.91
.78
.74
.72
.66
.44
.38
.33
.34
.34
.28
.20
.14

A
COEF

.00
.26
.25
.28
.34
.39
.4l
.43
.45
.43
.45
.45
.49
.48
.49
.50
.49
.49
.51

51

-

.30
.45
.22
.EC

=4
o)

.52
.49
.50
.45
.44
.44
.46
.44
.47
.45
.48
.45
.48
.4¢€
.44



TEST NAME: C23.23

CONSOLIDATED-UNDRAINED TEST, COMPACTED PARIS EMBANKMENT CILAY

HEIGHT PRIOR TC SHEAR

DIAMETER PRIOR TO SHEAR

AREA CORRECTION FACTOR

DEF. FORCE
(in) (1b)
.00 .00
.00 .99
.00 1.87
.00 3.40
.00 6.57
.00 9.54
.01 12.20
.02 16.81
.03 18.00
.04 18.85
.05 19.58
.06 21.37
.07 22.82
08 23.43
10 24.95
11 25.90
13 26.33
14 26.80
16 27.46
16 27.66
17 28.03
18 28.55
20 28.99
22 29.42
23 29.56
25 31.15
23 31.78
31 31.37
33 30.16
37 29.90
39 29.50
41 28.81
43  28.56
45 28.03
48 28.34
50 28.30
52 28.28
54 28.27
56 28.46
57 28.38

P.PRES.

(psi)

10.

11.
12.
12.
13.
13.
13.
13.
13.
13.
14.
14.
14.
14.
14.
14.
14.
13.
13.
13.
13.
13.
13.
12.
12.
12.
12.
12.

WO~y WNH

.00
.25

AXIAL MINOR PRIN DEVIATORIC STRESS
STRAIN % STRESS psi

e
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o
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e
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2.88 in
1.51 in

1.00
EFFECTIVE CONSOLIDATION PRESSURE

.00
.04
.07
.11
.12
.13

23.00 psi

23.
22.
22.
21.
20.
19.
18.
16.
15.
14.
13.
12.
11.
11.
10.
10.

e e
cooo

74

|
O W WL W LW LW O 000D 00O 00 OLWWIWIWLW

00
75
44
84
64
54
40
20
03
59
80

STRESS psi

10.

11.
12.
12.
- 13,
13.
13.
13.
14,
14.
14.
14,
14.
14.
14,
15.
15.

14,
14.
13.
13.
13.
12.
12.
12.
12.
12.
12.

VOO WH

RATIO

.00
.02
.05
.09
.18
.27
.37
.57
.65
.70
77

L e e e



TEST NAME: C25.015
CONSOLIDATED-UNDRAINED TEST, COMPACTED PARIS EMEANKMENT CLAY

HEIGHT PRICR TO SHEAR

DIAMETER PRIOR TO SHEAR

AREA CORRECTION FACTOR

DEF.
(in)

FORCE
(1b)

.00
.90
.79
.91
.86
.38
.59
.51
31
.99
.79

P.PRES.

(psi)

.00

Hi e

.20
.43
.62
.78
.01
.16
.23
.31
.32
.27
.27
.23
.87
.56
.44
.42
.40
.36
.34
.26
.18
.07
.02
.07
.21
.25

-.19

.38
.70
.69
.20
.17
11
.07
.28
.48
.38
.31
.36

AXIAT, MINOR PRIN DEVIATORIC STRESS
STRAIN % STRESS psi

WOJUVNEBEBWWNNNRE R RREBEE

3.07 in
1.59 in

1.00
EFFECTIVE CONSOLIDATION PRESSURE

.00
.02
.05
.08
.10
.16
.22
.28
.34
.43
.52
.62
.71
.84
.00
.13

N NN N N N N N N N N N e e e S S T e e e e S =

75

1.30
1.

1.07
.88
.72
.49
.34
.27
.19
.18
.23
.23
.27
.63
.94
.06
.08
.10
.14
.16
.24
.32
.43
.52
.57
.71
.75
.69
.89
.20
.19
.71
.68
.62
.58
.79
.99
.89
.83
.88

30

1.50 psi

STRESS psi

LT UaeaE b UITULUTULLLLULVLULLLTLLLTUOTUITWLIT B B B B UL S B WD N

.00
.95
.80
.45
.93
.68
.28
.73
.12
.45
.83
.07
.21
.48
.02
.94
.91
.89
.90
.94
.00
.08
.18
.24
.27
.23
.33
.26
.46
.31
.12

RATIO

(s o IO RN UNIN S B ol o
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NDRONORNNDNDNODNODNNDNWWWE S & O LSBT LT WO

.00
.73
.77
.80
.06
.30
.52
.59
.09
.76
.45
.15
.27
.72
.32
.66
.56
.44
.31
.27
.02
.84
.63
.45
.36
.06
.04
.10
.89
.41
.34
.97
.92
.89
.90
.80
.76
.80
.87
.87

A
COEF



TEST NAME: C26.01
CONSOLIDATED-DRAINED TEST, COMPACTED PARIS EMBANKMENT CLAY

HEIGHT PRIOR TO SHEAR 3.15 in
DIAMETER PRIOR TO SHEAR 1.58 in

AREA CORRECTION FACTOR 1.00
EFFECTIVE CONSOLIDATION PRESSURE 1.00 psi

DEF. FORCE VOLUME AXIAL VOLUMETRIC DEVIATORIC
(in) (1b) CHANGE (cc) STRAIN % STRAIN % STRESS psi
.00 .00 .00 .00 .00 .00
.00 2.36 .01 .02 .01 1.20
.00 4.02 .02 .05 .02 2.05
.00 5.99 .03 .11 .03 3.04
01 7.22 .05 .18 .C5 3.66
.01 8.72 .08 .27 .08 4.42
01 9.50 .10 .33 .10 4.81
.01 10.24 .12 .39 .12 5.17
.02 11.21 .15 .49 .15 5.865
.02 12.10 .18 .58 .18 6.09
.02 12.64 .20 .64 .20 6.36
.02 13.61 .24 .77 .24 6.83
.03 14.45 .27 .89 .27 7.23
.03 14.98 .30 .99 .30 7.49
.03 15.38 .33 1.08 .33 7.67
.04 15.81 .38 1.21 .38 7.87
.04 15.81 .40 1.27 .40 7.86
.04 15.62 .43 1.37 .43 7.74
.05 12.23 .47 1.47 .47 6.01
.05 10.37 .50 1.57 .50 5.05
.05 8.56 .44 1.73 .44 4.62
.06 8.30 .37 1.92 .37 4.45
.07 8.01 .24 2.25 .24 4.27
.08 9.49 .12 2.57 .12 4.48
.C9 9.92 .00 2.96 .00 4.67
11 10.02 -.07 3.56 ~-.07 4.67
13 9.98 -.21 4.19 ~.21 4.60
15 10.34 -.36 4.83 -.36 4.73
.18 10.52 -.69 5.78 ~.68 4.73
.21 10.09 -1.02 6.79 -1.01 4.44
.24 9.30 -1.36 7.62 -1.35 4.01
.29 9.23 -1.97 9.27 -1.95 3.84
.32 9.31 =-2.26 10.29 -2.24 3.81
.36 8.70 -2.74 11.33 -2.711 3.46
43 8.76 -2.81 13.52 -2.78 3.35
.48 8.05 -2.96 15.17 -2.93 3.37
.52 8.09 -3.18 16.41 -3.15 3.31
.56 9.30 -3.40 17.71 -3.37 3.31
.60 9.69 -3.61 18.98 -3.58 3.38
.62 8.52 -3.90 19.539 -3.86 3.27
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TEST NAME: C27.05

CONSCLIDATED-UNDRAINED TEST, COMPACTED PARIS EMBANKMENT CLAY

HEIGHT PRICR TC SHEAR
DIAMETER PRICR TO SHEAR

AREA CORRECTION FACTCR
EFFECTIVE CONSQOLIDATION PRESSURE

DEF.
(in)

FORCE
(1b)

[
HwOuouwmb wH

-

-
W

15

17

17

18

18

22

.00
.75
.69
.19
.18
.58
.46
.78
.35
.19
14.
.93
16.
.30
17.
17.
17.
.93
18.
.15
18.

81
83
62
75
78
06

28

.37
18.
18.
18.
18.
18.
18.
19.
18.
18.
19.
.41
20.
19.
19,
20.
21.
21.
.00

43
47
67
63
77
93
16
99
89
84

58
97
85
96
74
81

P.PRES.

(psi)

N e S e S S L N Y ST S Y SENENYSEN YRSy

.00
.19
.37
.51
.73
.83
.01
.63
.92
.21
.42
.49
.50
.50
.48
.40

AXTIAT. MINCR PRIN DEVIATORIC STRESS

STRAIN % STRESS psi

oL WD NDNDNDNNHEF P

3.05 in

1.00

.00
.02
.06
.11
.15
.18
.22
.27
.31
.37
.45
.55
.72
.85
.97
.14
.35
.67
.89
.07
.34
.56
.75
.97
.51
.03
.82
.18
.97
.66
.03
.84
.34
.26
.70

1.57 in
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VNS DL BB WWWWWWWWLWERNRNDMNRMNODMNONDNNNDNWWWH S LSS LU

.00
.81
.63
.49
.27
.17
.99
.37
.08
.79
.58
.51
.50
.50
.32
.60
.75
.02
.09

5.00 psi

STRESS psi

OO OMOMOMMWOOOMMOMmOomMOMOoOmMOoOomOooo-Joaaunnans widdhrNNDH

.00
.90
.89
.14

RATIO

DR NDNDNWNDNDNNODONLVDVWWWLWWWWWWHSE LS DL LBDLWWNDNDHEEHERERERE P

.00
.19

o

0.

A
CEF

.00
.21
.20
.24
.28
.29
.31
.33
.33
.33
.32

«
-

.28

~
-
7

.28
.27
.25
.22
.21
.21
.20
.20
.20
.19
.17
.12
.06
.04
.02
.07
.09
.02
.05
.07
00
.02
.03
.04
.06
.09



TEST NAME: S31.35
CONSOLIDATED-UNDRAINED TEST, NORMALLY CONSOLIDATED PARIS CLAY

HEIGHT PRIOR TO SHEAR 2.72 in
DIAMETER PRIOR TO SHEAR 1.26 in

AREA CORRECTION FACTOR 1.00
EFFECTIVE CONSOLIDATION PRESSURE 35.00 psi

DEF. FORCE P.PRES. AXIAL, MINOR PRIN DEVIATORIC STRESS A
{(in) (1b) (psi) STRAIN % STRESS psi STRESS psi RATIO CCET

.00 .00 .00 - .00 35.00 .00 1.00 .00
.00 5.89 2.21 .18 32.78 4.69 1.14 .47
.01 7.98 3.19 .28 31.81 6.34 ~1.20 .30
.01 11.35 4.77 .36 30.23 9.01 1.30 .53
.01 13.36 6.03 .46 28.97 10.60 1.37 .57
.01 14.86 7.10 .55 27.90 11.77 1.42 .60
.02 15.86 7.91 .54 27.09 12.54 1.46 .63
.02 16.81 8.55 .74 26.45 13.27 1.50 .64
.02 17.88 9.14 .88 25.86 14.08 1.54 .65
.03 18.70 9.89 .97 25.11 14.70 1.59 .67
.03 19.23 10.49 1.06 24.51 15.10 1.62 .65
.03 19.85 11.04 1.16 23.96 15.56 1.65 7L
.03 20.46 11.85 1.25 23.15 16.01 1.69 .74
04 21.57 12.32 1.48 22.68 16.81 1.74 .73
05 22.59 13.28 1.72 21.72 ©17.54 1.81 .78
05 23.64 14.12 1.96 20.88 18.29 1.88 .77
07 25.08 15.11 2.43 19.89 19.31 1.97 .78
08 26.44 16.25 2.94 18.75 20.26 2.08 .80
10 27.91 17.07 3.53 17.93 21.26 2.19 .80
12 29.18 18.05 4.30 16.95 22.05 2.30 .82
13 29.84 18.55 4.89 16.45 22.40 2.36 .83
15 30.52 19.31 5.44 15.69 22.77 2.45 .85
17 31.28 18.99 6.14 16.01 23.16 2.45 .82
19 31.54 19.59 6.84 15.41 23.16 2.50 .85
20 31.71 20.23 7.54 14.77 23.10 2.56 .88
22 30.85 19.7 8.24 15.29 22.27 2.46 .88
24 28.92 20.06 8.93 14.94 20.68 2.38 .97
27 28.42 18.61 9.78 15.40 20.10 2.31 .98
29  27.11 19.33 10.51 15.68 18.98 2.21  1.02
31 25.98 18.99 11.25 16.02 18.00 2.12 . 1.06
33 24.73 18.79 11.99 16.22 16.95 2.04 1.11
35 24.19 18.79 12.72 16.22 16.41 2.01 1.15
37 24.56 18.74 13.46 16.27 16.51 2.01 1.14
39 25.00 18.78 14.19 16.23 16.65 2.03 1.13
41 25.46 18.60 15.15 16.42 16.75 2.02 1.11
43 25.97 18.47 15.88 16.55 16.93 2.02 1.09
45 26.24 18.63 16.62 16.39 16.94 2.03 1.10
48 26.48 18.86 17.57 16.16 16.88 2.04 1.12
50 26.69 19.09 18.31 15.93 16.85 2.06 1.13
51 26.83 18.88 18.79 16.14 16.83 2.04 1l.12
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TEST NAME: S$32.10
CONSOLIDATED-UNDRAINED TEST, NCORMALLY CONSOLIDATED PARIS CLAY

HEICGHT PRIOR TO SHEAR 2.98 in
DIAMETER PRIOR TO SHEAR 1.29 in

AREA CORRECTION FACTOR 1.40
EFFECTIVE CONSCLIDATION PRESSURE 10.00 psi

DEF. FORCE P.PRES. AXIAL MINOR PRIN DEVIATORIC STRESS A
(in) (1b) (psi) STRAIN % STRESS psi STRESS psi RATIO COEF

.00 .00 .00 .00 10.00 .00 1.00 .00
.00 4.00 .80 .07 9.20 3.04 1.33 .26
.00 5.47 1.60 .15 8.40 4.1¢6 1.49 .38
.01 6.01 2.29 .24 7.71 4.55 1.59 .30
.01 6.49 2.71 .33 7.29 4.89 1.67 .58
.01 6.85 3.05 .42 6.95 5.14 1.74 .59
.01 7.14 3.02 .50 6.98 5.35 1.77 .57
.02 7.42 3.28 .58 6.73 5.55 1.82 .59
.02 7.69 3.50 .67 6.50 5.73 1.88 .61
.02 8.02 3.81 .81 6.19 5.95 1.96 .64
.03 8.24 4.08 .90 5.92 6.09 2.03 .67
.03 8.57 4.21 1.07 5.79 6.30 2.08 .67
.04 8.93 4.00 1.25 " 6.00 6.52 2.08 .61
.04 9.22 4.76 1.43 5.24 6.70 2.28 .71
.05 9.57 5.16 1.70 4.84 6.90 2.43 .73
.C6 9.96 5.36 2.01 4.64 7.11 2.53 .73
.07 10.44 5.71 2.48 4.29 7.41 2.73 .17
.09 10.82 6.04 2.96 3.96 7.62 2.93 .79
.11 11.27 6.50 3.66 3.50 7.86 3.24 .83
.12 11.49 6.57 4.16 3.43 7.94 3.32 .83
.14 11.68 6.66 4.63 3.34 8.01 3.40 .83
.16 11.83 6.68 5.20 3.33 §.04 3.42 .83
.18 11.86 6.88 6.01 3.12 7.94 3.54 .87
.20 11.69 7.17 6.61 2.83 7.73 3.73 .93
.22 11.77 7.09 7.21 2.91 7.70 3.65 .92
.24 11.27 7.41 8.05 2.59 7.24 3.79 1.02
.26 11.07 7.23 8.89 2.78 £.99 3.52 1.03
.28 10.85 7.23 3.56 "2.78 6.75 3.43 1.07
.31 10.78 7.07 10.23 2.94 6.62 3.25 1.07
.32 10.80 7.05 10.91 2.96 6.54 3.21 1.08
.34 10.76 7.09 11.58 2.92 6.42 3.20 1.10
.36 10.75 7.01 12.21 3.00 6.33 3.11 1.11
.38 10.73 6.96 12.85 3.05 6.23 3.04 1.12
.40 10.74 6.97 13.52 3.05 6.15 3.02 1.13
.44 10.82 7.01 14.87 3.01 6.02 3.00 1.16
.48 10.65 7.03 16.17 2.99 5.74 2.92 1.22
.50 10.76 7.06 16.85 2.96 5.71 2.93 1.23
.52 10.88 7.09 17.52 2.93 5.69 2.94 1.24
.54 10.93 7.10 18.18 2.93 5.63 2.92 1.26
.58 11.08 6.97 19.46 3.05 5.54 2.81 1.26
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TEST NAME: S533.04
CONSOLIDATED-UNDRAINED TEST, NORMALLY CONSCLIDATED PARIS CLAY

HEIGHT PRIOR TC SHEAR 3.08 in
DIAMETER PRIOR TO SHEAR 1.35 in

AREA CORRECTION FACTCR 1.40
EFFECTIVE CONSOLIDATION PRESSURE 4.00 psi

DEF. FORCE P.PRES. AXIAL MINOR PRIN DEVIATORIC STRESS A
(in) (1b) (psi) STRAIN % STRESS psi STRESS psi RATIO  COEF

.00 .00 .00 .00 4.00 .00 1.00 .00
.00 1.88 .32 .06 3.68 1.31 1.36 .25
.00 2.41 .65 .14 3.35 1.66 ‘1.50 .39
.01 2.79 .89 .22 3.11 1.92 1.62 .47
.01 3.08 1.06 .31 2.94 2.10 1.72 .5C
.01 3.21 1.18 .39 2.82 2.18 1.78 .54
.C1 3.51 1.39 .47 2.61 2.38 1.91 .59
.02 3.66 1.59 .56 2.41 2.46 2.02 .64
.02 3.78 1.70 .64 2.30 2.54 2.10 .67
.03 4.03 1.89 .81 2.11 2.67 2.26 .71
.03 4.25 2.06 .98 1.94 2.80 2.44 .73
.04 4.45 2.20 1.16 1.80 2.90 2.61 .76
.04 4.64 2.39 1.33 ‘1.61 3.00 2.86 .80
.04 4.74 2.39 1.44 1.61 3.05 2.89 .78
.05 4.93 2.46 1.65 1.54 3.14 3.04 .78
.06 5.07 2.65 1.88 1.35 3.20 3.36 .83
.06 5.17 2.64 2.09 1.36 3.23 3.37 .82
.07 5.27 2.77 2.30 1.23 3.28 3.66 .84
.08 5.36 2.85 2.53 1.15 3.33 3.89 .85
.09 5.45 2.86 2.90 1.14 3.37 3.95 .85
10 5.46 2.92 3.28 1.08 3.35 4.08 .87
.12 5.61 3.00 3.80 1.00 3.41 4.41 .88
.13 5.72 2.97 4.06 1.03 3.46 4.34 .86
.13 5.82 3.05 4.32 .96 3.51 4.67 .87
.14 5.88 2.97 4.55 1.04 3.53 4.41 .84
.16 5.89 2.98 5.26 1.03 3.48 4.40 .85
.18 5.77 3.04 5.94 97 3.35 4.47 .91
.19 5.85 3.19 6.23 81 3.38 5.16 .94
.22 5.99 3.10 7.31 .91 3.39 4.74 .91
.25 6.07 3.14 8.15 .86 3.37 4,91 .93
.28 5.92 3.09 8.22 .92 3.20 4.48 .96
.30 5.79 3.02 9.87 .98 3.07 4.12 .98
.33 5.90 3.06 10.71 .95 3.07 4.25 1.00
.38 5.91 3.06 12.21 .95 2.96 4.11 1.03
.40 5.78 3.07 13.05 .94 2.83 4.01 1.08
.45 5.97 3.18 14.55 .83 2.82 4.39 1.13
.48 5.95 3.10 15.62 .92 2.73 3.97 1.13
.53 6.07 3.15 17.08 .87 2.68 4.09 1.18
.56 5.94 3.11 18.34 91 2.51 3.76  1.24
.60 5.74 3.12  19.e61 91 2.32 3.55 1.34
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TEST NAME: S34.25
CONSQLIDATED-UNDRAINED TEST, NORMALLY CONSOLIDATED PARIS CLAY

HEIGHT PRIOR TO SHEAR 2.77 in
DIAMETER PRIOR TO SHEAR 1.28 in

AREA CORRECTION FACTOR 1.00
EFFECTIVE CONSOLIDATION PRESSURE 25.00 psi

DEF. FORCE P.PRES. AXIAT, MINOR PRIN DEVIATORIC STRESS A
(in) (1b) (psi) STRAIN % STRESS psi STRESS psi RATIO CCEF

.00 .00 .00 .00 25.00 .00 1.00 .00
.00 3.61 1.17 .04 23.83 2.80 1.12 .42
.00 4.82 1.84 .10 23.16 3.73. 1.16 .49
.00 5.57 2.34 .16 22.66 4.30 1.19 .54
.01 6.99 3.29 .27 21.71 5.38 1.25 .61
.01 8.38 4.19 .37 20.81 6.44 1.31 .65
.01 9.38 4.98 .46 20.02 7.20 1.36 .69
.02 10.51 5.61 .56 19.39 8.05 1.42 .70
.02 11.41 6.11 .65 18.89 8.73 1.46 .70
.02 11.98 6.70 .74 18.30 9.14 1.50 .73
.02 12.62 7.12 .83 17.88 9.62 1.54 .74
.03 13.23 7.51 .93 17.49 10.06 1.58 .75
.03  13.72 7.98 1.01 17.02 10.42 1.61 .77
.03 14.18 8.31 1.11 16.69 10.75 1.64 .77
.03 14.81 8.56 1.25 16.44 11.20 1.68 .76
.04 15.45 9.24 1.38 15.76 11.65 1.74 .79
.04 16.01 9.76 1.53 15.24 12.04 1.79 .81
.05 16.77 10.39 1.72 14.61 12.57 1.86 .83
.05 17.22 10.33 1.86 14.67 12.88 1.88 .80
.06 18.20 11.03 2.19 13.97 13.55 1.97 .81
.08 19.64 12.13 2.77 12.87 14.55 2.13 .83
.08 20.20 12.45 3.06 12.55 14.92 2.19 .83
.09 20.48 12.57 3.25 12.43 15.10 2.21 .83
.10 21.13 12.86 3.75 12.14 15.49 2.28 .83
.11 21.65 12.84 4.01 12.16 15.84 2.30 .81
.13 22.11 13.31 4.51 11.69 16.08 2.38 .83
.15  23.05 14.17 5.34 10.83 16.62 2.53 .85
.16 23.44 14.09 5.78 10.91 16.82 2.54 .84
.18  23.77 13.92 6.35 11,08 16.94 2.53 .82
.19 23.%0 14.21 6.93 10.79 16.91 2.57 .84
.20 23.97 14.45 7.36 10.55 16.88 2.60 .86
.22 24.23  14.69 7.94 10.31 16.94 2.64 .87
.24 24.46  14.54 8.66 10.46 16.96 2.62 .86
.28 23.71 14.46 10.04 10.55 16.14 2.53 .90
.31 22,05 14.15 11.01 10.86 14.79 2.36 .96
.35 20.91 14.01 12.71 11.00 13.69 2.24 1.02
.40 20.14 13.97 14.58 11.04 . 12.84 2.16 1.09
.46 20.11 13.74 16.50 11.28 12.48 2.11 1.10
.48 20.84 13.54 17.47 11.48 12.78 2.11 1.06
.52 21.01 14.13 18.88 10.89 12.63 2.16 1.12

81



TEST NAME: S35.17
CONSOLIDATED-UNDRAINED TEST, NORMALLY CONSOLIDATED PARIS CLAY

HEIGHT PRIOR TO SHEAR 2.84 in
DIAMETER PRIOR TO SHEAR 1.30 in

AREA CORRECTION FACTOR 1.00
EFFECTIVE CONSOLIDATION PRESSURE 17.00 psi

DEF. FORCE P.PRES. AXTIAL, MINOR PRIN DEVIATORIC STRESS A
(in) (1b) (psi) STRAIN % STRESS psi STRESS psi RATIO CCEF

.00 .00 .00 - .00 17.00 .00 1.00 .00
.00 3.15 1.04 .04 15.96 2.36 1.15 .44
.00 5.37 1.83 .09 15.18 4.01 1.26 .45
.00 6.98 2.17 .12 14.83 5.22 1.35 .42
.01 8.46 2.69 .21 14.31 6.31 1.44 .43
.01 9.24 3.38 .31 13.62 6.87 1.50 .49
.01 9.76 3.66 .40 13.34 7.24 1.54 31
.01 10.30 4.09 .50 12.91 7.62 1.338 54
.02 10.80 4.70 .60 12.30 7.97 1.65 59
.02 11.00 5.01 .69 11.99 8.10 1.68 52
.02 11.60 5.31 .78 11.69 8.53 1.73 62
03 11.93 5.63 .88 11.37 8.75 1.77 64
03 12.22 6.00 .98 11.00 8.94 1.81 67
Q3 12.60 6.04 1.07 10.96 9.21 1.84 66
03 12.87 6.16 1.15 10.84 9.38 1.87 66
04 13.23 6.43 1.23 10.57 9.63 1.91 67
04 13.58 6.62 1.33 10.38 9.87 1.95 67
04 13.88 6.90 1.44 10.10 10.06 2.00 63
05 14.37 7.13 1.62 9.87 10.38 2.05 69
05 14.57 7.64 1.77 9.36 10.49 2.12 73
07 15.75 8.06 2.31 8.94 11.26 2.26 72
08 16.17 9.02 2.74 7.98 11.50 2.44 78
09 16.90 8.95 2.99 8.05 12.00 2.49 75
11 17.69 9.45 3.83 7.55 12.45 2.65 76
12 18.13 8.75 4.26 7.26 12.70 2.75 77
14 18.25 10.15 5.10 6.85 12.65 2.85 80
16 18.35 10.58 5.63 6.42 12.64 2.97 .84
19 18.43 10.5% 6.54 6.41 12.55 2.96 .84
20 18.42 10.51 7.14 6.49 12.45 2.92 .84
23 18.41 10.50 7.98 6.50 12.31 2.89 .85
25 18.34 10.36 8.65 6.64 12.16 2.83 .85
28 17.56 10.51 9.95 6.50 11.42 2.76 .92
32 17.08 10.54 11.12 6.47 10.93 2.69 .96
35 17.71 10.20 12.49 6.81 11.14 2.64 .92
39 17.44 10.42 13.86 6.59 10.7s3 2.63 .97
43 17.45 10.22 15.23 6.79 10.55 2.55 .97
47 17.42 10.16 16.39 6.86 10.36 2.51 .98
49 17.18 10.37 17.06 6.65 10.11 2.52 1.03
52 17.25 10.30 18.47 6.72 9.94 2.48 1.04
56 17.49 10.19 19.59 6.84 9.92 2.45 1.03
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TEST NAME: S$36.02 A
CONSOLIDATED-UNDRAINED TEST, NORMALLY CONSOLIDATED PARIS CLAY

HEIGHT PRIOCR TO SHEAR 2.81 in
DIAMETER PRIOR TO SHEAR 1.41 in

AREA CORRECTION FACTCOR 1.40
EFFECTIVE CONSOLIDATION PRESSURE 2.00 psi

DEF. FORCE P.PRES. AXIAL MINOR PRIN DEVIATCRIC STRESS A
(in)  (1b)  (psi) STRAIN % STRESS psi STRESS psi RATIO  COEF

.00 .00 ~.00 .00 2.00 .00 1.00 .00
.00 1.63 .25 .04 1.75 1.05 1.60 .24
.00 1.99 .54 .08 1.46 1.27 1.87 .42
.00 2.12 .75 .12 1.25 1.35 2.08 .58
.02 3.02 1.28 .66 .72 1.84 3.585 .70
.02 3.13 1.50 .75 .50 1.89 4.81 .80
.03 3.22 1.65 .90 .35 1.93 6.51 .88
.03 3.29 1.69 1.19 .31 1.92 7.19 .88
.04 3.29 1.65 1.33 .35 1.90 6.39 .87
.04 3.31 1.65 1.42 .35 1.89 6.48 .87
.05 3.28 1.59 1.70 .41 1.84 5.52 .87
.05 3.3 1.56 1.84 .44 1.83 5.17 .85
.06 3.33 1.63 1.98 .37 1.82 5.87 .82
.06 3.32 1.63 2.16 .37 1.80 5.90 .91
.07 3.34 1.61 2.35 .39 l.81 5.€66 .89
.07 3.35 1.56 2.53 .44 1.80 5.07 .86
.08 3.37 1.61 2.72 .39 1.81 5.66 .89
.09 3.48 1.52 3.09 .48 1.85 4.88 .82
.10 3.60 1.67 3.46 .33 1.91 6.85 .87
.11 3.66 1.64 3.84 .36 1.93 6.32 .85
.12 3.72 1.69 4.23 .32 1.94 7.16 .87
.13 3.79 1.61 4.70 .39 1.96 5.98 .82
.14 3.72 1.61 5.09 .39 1.90 5.85 .85
.16 3.66 1.65 5.55 .35 1.84 6.30 .90
.17 3.63 1.63 6.01 .37 1.80 5.84 .91
.19 3.71 1.60 6.58 .40 1.82 5.52 .88
.20 3.86 1.66 7.05 .34 1.88 6.48 .88
.21 3.98 1.62 7.62 .38 1.92 6.05 .84
.23 3.91 1.66 8.29 .34 1.85 6.45 .90
.28 3.81 1.51 8.89 .49 1.71 4.46 .88
.31 4.04 1.61 10.85 .39 1.78 5.51 .91
.32 4.11 1.67 11.42 .34 1.79 6.26 .93
.34 4.01 1.63 12.14 .38 1.70 5.44 .96
.37 3.89 1.65 13.17 .36 1.58 5.34 1.04
.42 4.20 1.62 14.91 .39 1.64 5.22 .98
.47 4.03 1.70 16.65 .32 1.47 5.56 1.16
.49 4.16 1.67 17.37 .34 1.49 5.34 1.13
.51 4.29 1.64 18.08 .38 1.51 5.00 1.08
.53 4.31 1.64 18.90 .38 1.48 4.90 1.11
.56 4.11 1.63 19.93 .39 1.33 4.40 1.23
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TEST NAME: W40.08
CONSOLIDATED-UNDRAINED TEST, WETTED & DRIED PARIS CLAY

HEIGHT PRICR TO SHEAR 2.66 in
DIAMETER PRIOR TO SHEAR 1.31 in

AREA CORRECTION FACTCR 1.40
EFFECTIVE CONSOLIDATION PRESSURE 8.00 psi

DEF. FORCE P.PRES. AXIAL MINOR PRIN DEVIATORIC STRESS A
(in)  (lb)  (psi) STRAIN % STRESS psi STRESS psi RATIO CO

.00 .00 .00 - .00 8.00 .00 1.00 .00
.00 2.49 .57 .04 7.43 1.83 1.25 .31
.00 4.50 .98 .12 7.02 3.31 1.47 .30
.01 5.21 1.36 .22 6.64 3.81 1.57 .36
.01 5.64 1.66 .32 6.34 4.11 1.65 .40
.01 6.02 1.95 .42 6.05 4.37 1.72 .45
.02 6.63 2.51 .62 5.49 4.78 1.87 .53
.02 6.87 2.67 .72 5.33 4.93 1.93 .54
.02 7.42 2.73 .90 5.27 5.29 2.00 .52
.03 7.85 3.18 1.10 4.82 5.56 2.15 .57
.03 8.15 3.60 1.31 4.40 5.74 2.30 .63
.04 8.42 3.83 1.51 4.17 5.89 2.41 .63
.05 8.84 4.10 1.91 3.90 6.09 2.56 .67
.06 8.93 4.40 2.13 - 3.60 6.13 2.70 .72
.06 9.06 4.35 2.37 3.65 6.19 2.70 .70
.08 9.26 4.81 2.86 3.19 6.28 2.97 .17
.08 9.35 4,85 3.11 3.15 6.31 3.00 .77
.09 9.36 5.08 3.35 2.92 6.29 3.15 .81
.10 9.46 5.14 3.61 2.86 6.33 3.21 .81
.10 9.51 5.16 3.87 2.84 6.34 3.23 .81
.11 9.68 5.28 4.25 2.72 6.41 3.36 .82
.13 9.91 5.39 4.85 2.61 6.50 3.49 .83
.14 10.01 5.43 5.19 2.57 6.53 3.54 .83
.15 10.07 5.51 5.71 2.49 6.50 3.61 .85
.17 10.01 5.59 6.32 2.41 6.39 3.65 .87
.18 10.04 5.72 6.77 2.28 6.35 3.79 .90
.20 10.10 5.51 7.44 2.49 6.31 3.53 .87
.22 10.12 5.70 8.20 2.30 6.23 3.71 .91
.24 10.24 5.58 8.87 2.42 6.23 3.57 .90
.25 9.89 5.65 9.59 2.36 5.91 3.51 .95
.27 9.58 5.73 10.26 2.28 5.64 3.47 1.02
.29 9.55 5.67 11.09 2.34 5.52 3.36  1.03
.32 9.61 5.46 12.07 2.55 5.44 3.13 1.00
.36 9.33 5.50 13.50 2.52 5.10 3.03 1.08
.39 9.14 5.51 14.51 2.51 4.87 2.94 1.13
.41 9.22 5.35 15.23 2.66 4.84 2.82 1.11
.43 9.48 5.31 15.98 2.71 4.90 2.81 1.08
.45 9.38 5.34 16.95 2.68 4.73 2.7 1.13
.47 9.24 5.34 17.71 2.68 4.56 2.70 1.17
.49 9.40 5.29 18.35 2.73 4.58 2.68 1.16
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TEST NAME: W4l.1l2
CCNSOLIDATED-UNDRAINED TEST, WETTED & DRIED PARIS CLAY

HEIGHT PRIOR TC SHEAR 2.52 in
DIAMETER PRIOR TC SHEAR 1.35 in

AREA CORRECTION FACTOR 1.40
EFFECTIVE CONSCLIDATION PRESSURE 12.00 psi

DEF. FORCE P.PRES. AXIAL MINOR PRIN DEVIATORIC STRESS A
(in)  (1b)  (psi) STRAIN % STRESS psi STRESS psi RATIO COQEF

.00 .00 ~.00 .00 12.00 ‘ .00 1.00 .00
.00 3.05 .92 .08 11.08 2.11 1.19 - .44
.00 4.21 1.36 .20 10.64 2.90: 1.27 .47
.01 5.36 2.07 W31 9.93 3.67 1.37 .56
.01 5.95 2.60 .42 9.40 4.06 1.43 .64
.02 7.01 3.43 .63 8.57 4.75 1.55 .72
.02 7.42 3.64 .73 8.36 5.01 1.60 .73
.02 7.83 3.69 .84 8.31 5.27 1.63 .70
.03 8.90 4.49 1.16 7.51 5.93 1.79 .76
.03 9.44 4.93 1.32 7.07 6.27 1.89 .78
.04 10.02 5.26 1.48 6.74 6.63 1.98 .78
.04 10.37 5.58 1.63 6.42 6.83 2.06 .82
.05 10.98 5.93 1.94 6.08 7.17 2.18 .83
.05 11.01 6.11 2.10 -5.90 7.16 2.21 .85
.06 11.32 6.30 2.24 5.70 7.35 2.29 .86
.06 11.61 6.34 2.50 5.66 7.51 2.33 .84
.07 11.77 6.76 2.78 5.24 7.58 2.45 .88
.08 11.94 6.95 3.06 5.05 7.66 2.52 .91
.08 12.07 7.11 3.33 4.89 7.71 2.58 .92
.10 12.57 7.48 3.88 4.52 7.96 2.76 .94
.10 12.73 7.54 4.17 4.46 8.03 2.80 .94
.13 13.40 7.75 4.96 4.25 8.35 2.97 .93
.13 13.76 7.93 5.36 4.07 8.52 3.10 .93
.14 13.72 7.85 5.75 4.15 8.44 3.03 .93
.16 13.49 7.94 6.51 4.06 8.18 3.02 .97
.17 13.18 8.05 6.90 3.95 7.92 3.01 1.02
.19 13.18 8.39 7.42 3.61 7.85 3.17 1.07
.20 14.12 8.04 7.86 3.96 8.37 3.11 .96
.21 14.39 8.20 8.33 3.80 8.46 3.23 .97
.23 14.92 8.19 9.05 3.81 8.67 3.27 .95
.24 14.89 8.20 9.48 3.80 8.58 3.26 .96
.26 14.50 8.17 10.16 3.83 8.24 3.15 .99
.27 13.91 8.31 10.63 3.69 7.81 3.11 1.06
.29  14.65 8.14 11.43 3.86 8.12 3.10 1.00
.32 14.85 7.87 12.74 4.14 §.02 2.94 .98
.34 14.47 7.87 13.49 4.14 7.69 2.86 1.02
.36 14.31 7.97 14.25 4.04 7.48 2.85 1.07
.39 14.53 7.87 15.32 4.14 7.43 2.79 1.06
.42 14.70 7.81 16.67 4.21 7.30 2.74 1.07
.45 14.43 7.71 17.90 4.31 6.96 2.61 1.11
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TEST NAME: W42.20
CONSOLIDATED-UNDRAINED TEST, WETTED & DRIED PARIS CLAY

HEIGHT PRIOR TC SHEAR 2.76 in
DIAMETER PRIOR TO SHEAR 1.36 in

AREA CORRECTION FACTCR 1.00
EFFECTIVE CONSOLIDATION PRESSURE 20.00 psi

DEF. FORCE P.PRES. AXIAL  MINOR PRIN DEVIATORIC STRESS A
(in) (1b) (psi) STRAIN % STRESS psi STRESS psi RATIO CCET

.00 .00 .00~ .00 20.00 .00 1.00 .00
.00 4.07 1.50 .04 18.50 2.80 1.15 .54
.00 6.28 2.00 .09 18.00 4.31 1.24 .46
.00 7.03 2.33 .14 17.67 4.81 1.27 .48
.01 7.96 2.90 .25 17.10 5.43 1.32 .53
.01 8.69 3.59 .34 16.41 5.91 1.36 .61
.01 9.50 4.36 .44 15.64 6.45 1.41 .68
.02 10.63 5.35 .59 14.65 7.19 1.49 .74
.02 11.20 6.00 .69 14.00 7.56 1.54 .79
.02 11.93 6.51 .84 13.49 8.03 1.60 .81
.03 12.44 7.00 .99 13.00 8.34 1.64 .84
.03 12.86 7.20 1.08 12.80 8.60 1.67 .84
.03 13.25 7.57 1.18 12.44 8.85 1.71 .86
.04 13.72 7.89 1.31 12.11 9.14 1.75 .86
.04 14.13 8.10 1.45 11.90 9.38 1.79 .86
.05 14.860 8.35 1.64 11.65 9.65 1.83 .87
.05 15.01 8.90 1.83 11.10 9.89 1.89 .90
.06 15.70 9.44 2.12 10.56 10.30 1.97 .92
.07 16.33 9.74 2.39 10.26 10.68 2.04 .91
.07 16.85 10.33 2.67 9.67 11.00 2.14 .94
.08 17.79 10.85 3.07 9.15 11.57 2.26 .94
.10 18.08 11.39 3.51 8.61 11.70 2.36 .97
.10 18.53 11.58 3.80 8.41 11.96 2.42 .97
.12 19.26  11.75 4.24 8.25 12.37 2.50 .85
.13 19.49  12.12 4.67 7.88 12.46 2.58 .87
.14 20.01 12.22 5.14 7.78 12.73 2.64 .96
.15 20.21 12.48 5.58 7.52 12.79 2.70 .98
.17 20.42 12.34 6.01 7.66 12.85 2.68 .96
.19 20.7%9 12.47 " 6.85 7.53 12.96 2.72 .96
.21 20.95 12.68  7.46 7.32 12.96 2.77 .98
.22 21.02 12.36 7.83 7.64 12.95 2.69 .95
.25 19.15 12.21 8.99 7.79 11.58 2.4% 1.05
.27 18.56 11.88 9.78 8.13 11.10 2.37 1.07
.31 18.89 11.80 11.20 8.21 11.09 2.35 1.06
.34 18.86 11.69 12.39 8.32 10.90 2.31 1.07
.38 18.77 11.76 13.80 8.25 10.63 2.29 1.11
.42 18.%92 11.83 15.25 8.18 10.50 2.28 1.13
.46 19.36 12.07 16.70 7.95 10.54 2.33 1.15
.48 19.69 11.81 17.43 §.21 10.62 2.29 1.11
.51 20.13 11.80 18.33 8.22 10,73 2.30 1.10
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TEST NAME: W43.04
CONSCLIDATED-UNDRAINED TEST, WETTED & DRIED PARIS CLAY

HEIGHT PRICR TO SHEAR 2.72 in
DIAMETER PRICR TO SHEAR 1.36 in

AREA CORRECTION FACTOR 1.40
EFFECTIVE CONSOLIDATION PRESSURE 4.00 psi

DEF. FORCE P.PRES. AXIAL, MINOR PRIN DEVIATORIC STRESS A
{(in) (1b) (psi) STRAIN % STRESS psi STRESS psi RATIO COEF

.00 .00 .00 .00 4.00 .00 1.00 .00
.00 1.80 .18 .06 3.82 1.24 1.32 .15
.00 3.10 .31 .09 3.69 2.13 1.58 .15
.00 3.46 .31 .12 3.69 2.38 1.64 .13
.00 4.59 .61 .17 3.39 3.15 1.93 .19
.01 5.28 .86 .26 3.14 3.61 2.15 .24
.01 5.09 1.00 .36 3.00 3.46 2.15 .29
.02 5.37 1.38 .56 2.62 3.62 2.38 .38
.02 5.57 1.68 .76 2.31 3.71 2.61 .46
.03 5.89 1.83 1.04 2.17 3.88 2.79 .47
.03 5.97 1.88 1.23 2.12 3.90 2.83 .48
.C4 6.07 2.06 1.43 1.94 3.93 3.03 .53
.05 6.25 2.24 1.82 1.76 3.97 3.25 .58
.06 6.39 2.38 2.11 1.62 4.02 3.48 .59
.06 6.46 2.47 2.31 1.53 4.05 3.653 .61
.07 6.56 2.49 2.64 1.51 4.09 3.70 .61
.08 6.53 2.66 2.94 1.34 4.05 4.02 .66
.09 6.54 2.63 3.22 1.37 4.03 3.94 .65
.10 6.53 2.66 3.50 1.34 4.00 3.98 .66
.11 6.61 2.73 4.19 1.27 4.00 4.14 .68
.13 6.68 2.71 4.78 1.29 3.99 4.10 .68
.15 6.72 2.73 5.37 1.27 3.97 4.13 .69
.16 6.82 2.78 5.96 1.23 3.99 4.25 .70
.18 6.96 2.90 6.51 1.11 4.03 4.64 .72
.19 6.93 2.99 7.10 1.01 3.96 4.90 .75
.21 6.90 2.97 7.68 1.04 3.89 4.75 .76
.22 6.93 2.97 8.27 1.03 3.85 4.74 .17
.25 7.01 2.99 9.08 1.01 3.83 4.78 .78
.27 7.11 2.88 9.78 1.12 3.83 4.41 .75
.29 7.22 2.85 10.74 1.15 3.82 -4.31 .75
.31 7.21 2.92 11.47 1.09 3.75 4.44 .78
.33 7.24 2.95 12.21 1.06 3.70 4.48 .80
.35 7.41 2.84 12.94 1.17 3.73 4.19 .76
.37 7.50 2.81 13.64 1.20 3.72 4.09 .75
.39 7.53 2.74 14,34 1.27 3.67 3.88 .15
.43 7.66 2.84 15.81 1.18 3.61 4.06 .79
.45 7.78 2.79 16.54 1.23 3.60 3.92 .17
.47 7.82 2.76  17.24 1.26 3.56 3.82 .78
.51 7.87 2.84 18.68 1.18 3.45 3.92 .82
.53 7.88 2.81 19.38 1.21 3.39 3.79 .83
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TEST NAME: W44.30
CONSOLIDATED-UNDRAINED TEST, WETTED & DRIED PARIS CLAY

HEIGHT PRIOR TO SHEAR 2.72 in
DIAMETER PRIOR TO SHEAR 1.23 in

AREA CORRECTION FACTOR 1.00
EFFECTIVE CONSOLIDATION PRESSURE 30.00 psi

DEF. FORCE P.PRES. AXIAL MINOR PRIN DEVIATORIC STRESS A
(in) (1b) (psi) STRAIN % STRESS psi STRESS psi RATIO CCEF

.00 .00 .00~ .0Q 30.00 .00 1.00 .00
.00 3.80 1.61 .05 28.39 3.21 1.11 .50
.00 6.30 2.78 .09 27.22 5.31 1.189 .52
.00 7.64 3.58 .15 26.42 6.43 1.24 .56
.01 8.74 4.33 .20 25.67 7.34 1.29 .59
.01 9.47 4.81 .24 25.19 7.95 1.32 .61
.01 10.74 5.82 .35 24.18 9.00 1.37 .65
.01 11.65 6.23 .43 23.77 9.74 1.41 .64
.01 12.48 6.84 .53 23.16 10.41 1.45 .66
.02 13.23 7.61 . 64 22.39 +11.02 1.49 .69
.02 13.95 7.85 .71 22.15 11.60 1.52 .68
.02 14.58 8.59 .82 21.41 12.10 1.57 .71
.02 15.05 9.01 .92 21.00 12.47 1.59 .72
.03 16.17 9.94 1.11 20.06 13.35 1.67 .74
.03 16.64 10.30 1.21 19.70 - 13.71 1.70 .75
.04 17.41 11.02 1.35 18.98 14.31 1.75 .77
.04 18.01 11.89 1.52 18.11 14.76 1.82 .81
.05 19.24 12.36 1.80 17.64 15.70 1.89 .79
.06 20.47 13.70 2.20 16.30 16.62 2.02 .82
.07 21.83 14.02 2.58 15.98 17.66 2.11 .79
.08 22.83 14.64 2.98 15.36 18.40 2.20 .80
.09 23.32 14.78 3.17 15.22 18.76 2.23 .79
.10 23.61 15.54 3.61 14.46 18.90 2.31 .82
.11 23.85 16.11 3.93 13.89 19.02 2.37 .85
.12 24.44 16.26 4.52 13.74 19.37 2.41 .84
.13 24.93 16.50 4.82 13.50 19.70 2.46 .84
.14 25.38 16.63 5.22 13.37 19.96 2.49 .83
.17 22.32 16.890 6.21 13.10 17.30 2.32 .98
.19 21.73  16.62 6.91 13.38 16.69 2.25 1.00
.20 21.31 17.03 7.46 12.97 16.25 2.25 1.05
.23  20.65 17.53 8.31 12.47 15.57 2.25 1.13
.24 21.20 17.45 8.93 12.56 15.87 2.26 1.10
.26 20.44 17.30 9.63 12.71 15.15 2.19 1.14
.30 21.00 17.76 11.07 12.25 15.29 2.25 1.16
.32 21.44 17.60 11.80 12.41 15.47 2.25 1.14
.36 21.65 17.66 13.20 . 12.35 15.35 2.24 1.15
.38 22.29 18.01 14.15 12.00 15.62 2.30 1.15
.42 22.22 17.99 15.59 12.03 15.26 2.27 1.18
.44 21.93 18.14 16.32 11.88 14.91 2.25 1.22
.48 21.99 18.00 17.54 12.02 14.70 2.22 1.22



TEST NAME: W45.02
CONSOLIDATED-UNDRAINED TEST, WETTED & DRIED PARIS CLAY

HEIGHT PRIOR TO SHEAR 2,97 in
DIAMETER PRIOR TO SHEAR 1.37 in

AREA CORRECTION FACTOR 1.40
EFFECTIVE CONSOLIDATION PRESSURE 2.00 psi

DEF. FORCE P.PRES. AXIAL, MINCR PRIN DEVIATORIC STRESS A
(in) (1b) (psi) STRAIN % STRESS psi STRESS psi RATIO CCEF

.00 .00- - .00 .00 2.00 .00 1.00 .00
.00 .99 .10 .03 1.90 .66 1.35 .16
.00 1.67 .21 .07 1.79 1.12 1.63 .19
.00 1.7 .24 .08 1.76 1.14 1.65 .21
.00 1.87 .37 .14 1.63 1.25 1.76 .30
.01 2.05 .53 .21 1.47 1.36 1.92 .39
.01 2.18 .66 .30 1.34 1.43 2.07 .46
.01 2.33 .79 .42 1.21 1.51 2.25 .52
.02 2.46 .87 .56 1.13 1.58 2.40 .55
.02 2.55 .97 .68 1.03 1.62 2.57 .60
.03 2.70 1.06 .89 .94 1.69 2.79 .63
.03 2.82 1.14 1.11 .86 1.72 3.01 .66
.04 2.89 1.18 1.29 . .82 L.75 3.13 .68
.04 2.96 1.22 1.46 .78 1.77 3.27 .68
.05 3.01 1.26 1.68 .74 1.76 3.39 .72
.05 3.07 1.30 1.85 .70 1.77 3.54 .74
.06 3.09 1.38 2.07 .62 1.76 3.81 .78
.07 3.15 1.47 2.49 .53 1.78 4.35 .83
.09 3.19 1.54 3.04 .46 1.77 4.88 .87
.11 3.23 1.55 3.60 .45 1.78 4.94 .87
.12 3.25 1.52 4.04 .48 1.76 4.71 .86
.14 3.37 1.55 4.71 .45 1.81 5.00 .85
.16 3.39 1.67 5.45 .33 1.78 6.34 .4
.19 3.40 1.73 6.23 .28 1.76 7.34 .98
.21 3.41 1.69 7.00 .31 1.72 6.50 .98
.23 3.47 1.64 7.61 .36 1.72 5.75 .95
.25 3.55 1.62 8.42 .39 1.73 5.46 .93
.27 3.57 1.75 9.19 .26 1.71 7.57 1.02
.30 3.63 1.71  10.17 .30 1.69 6.70 l1.01
.33 3.71 1.65 11.18 .36 1.68 5.71 .98
.35 3.81 1.77 11.95 .24 1.70 8.07 1.04
.38 3.58 1.76 12.73 .25 1.83 7.12 1.15
.40 3.74 1.71 13.54 .30 1.57 6.19 1.09
.43 3.82 1.64 14.34 .37 1.57 5.28 1.04
.45 3.71 1.75 15.12 .27 1.47 6.47 1.19
.48 4.01 1.73 16.30 .28 1.57 6.53 1.11
.51 4.08 1.67 17.27 .34 1.55 5.51 1.08
.55 4.24 1.76 18.59 .26 1.55 7.05 1.14
.59 4.47 1.74 19.87 .29 1.59 6.48 1.09
.54 4.59 1.78  21.45 .25 1.55 7.21 1.15
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TEST NAME: S51.04

CONSOLIDATED-UNDRAINED TEST, NORMALLY CONSCLIDATED BEAUMONT CLAY
CONSLIDATED IN 3-INCH DIAMETER TUBE AND SAMPLED PRIOR TO TESTING

HEIGHT PRICR TO SHEAR
DIAMETER PRIOR TO SHEAR

AREA CORRECTION FACTOR

DEF.
(in)

.00
.00
.00
.00
.00
.01
.01

FORCE

(1b)

Ut uUuUULTULLUITULTONG TV ULULTULLLTLLTULULLUTLLES B DS DB B WWNDND P

P.PRES.

(psi)

NN WNNDNMNDNNDDMDWLWWWWRNDDNDRNDNDMNDNDDDNDDNDMNDNDNDDNDE - -

.00
.07
.15
.24
.37

AXIAL MINOR PRIN DEVIATORIC STRESS
STRAIN % STRESS psi

T
. T N

N+
O w

el el
NHHOWOODIIAAUUNE B WRNRN RN

2.72 in
1.38 in

1.00
EFFECTIVE CONSOLIDATION PRESSURE

.00
.01
.04
.08
.15
.22
.33
.46
.65
.84
.03
.22
.52
.92
.22
.51
.79
.32

90

FHRPRRRRREERRREREEEBERORNNDNDWWWWWWS

R

o

.00
.93
.85
.76
.63
.42
.14
.94
.62
.31
11
.95
.76
.56
.45
.35
.29
.23
.16
.10
.06
.04
.03
.04
.05
.00
.98
.98
.98
.12
.13
.09
.24
.10
.04
.98
.21
.16
.06

4.00 psi

STRESS psi

NN NDNWLWWWWWWLWWWLWWWWWWWWNDNDRNDDNDMNDMNDNDE
e v & s s s s a4 s e e 8 ® s s w8 s s 8 e e e » s e . e s e e e e

.00
.72
.06
.13
.29

RATIO

WWWWWWWWWWE B BB B DWW WWWER N RN R S b

.00
.18
.28
.30
.36
.48
.62
.69
.91
.12
.32
.46
.65
.90
11
.32
.48
.66
.85
.07
.25
.32
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TEST NAME: S52.25

CONSOLIDATED-UNDRAINED TEST, NORMALLY CONSOLIDATED BEAUMONT CLAY

HEIGHT PRIOR TO SHEAR

DIAMETER PRIOR TO SHEAR

AREA CORRECTION FACTOR

DEF.
(in)

FORCE
{1b)

.00
.90
.91
.40
.17
.70
.10
.06
.37
.10
.94
.57
.22
.14
.29
.58
.18
.21
.77
.16
.76
.86
.18
.66
.82
.03
.91
.30
.72
.99
.08
.05
.95
.64
.97
.90
.15
.80
.19
.55

P.PRES.

(psi)

.00
.23
.73
.09
.16
.36
.54
.52
.12
.98
.73
.17
.85
.50
.54
.83
.93
.29
.57
.50
.82
.97
.00
.97

AXIAT, MINOR PRIN DEVIATORIC STRESS
STRAIN % STRESS psi

WO -J-JdJaaonUns bbb+ &

2.71 in
1.32 in

1.00
EFFECTIVE CONSQLIDATION PRESSURE

.00
.05
.12
.18
.23
.33
.42
.51
.59
.69
.79
.88
.08
.27
.13
.33
.62
.96
.37
.76
.24
.58
.9l
.76
.13
.64
.12
.64
.23
.89
.85
.37
.14
.99
.17
.13
.09
.79
.27
.08

25.00 psi

25.
.17

22

21.
18.
18.
.64
16.
1s.
14.
14.
13.
12.
.15

17

12

11.
.46
.37
.07
.71

91

©C0 ~J) 00 00O 0O CoO 0O GO OO OO ~J) 00O 00O OO 00 ~J 00 00 QO 00 00 00 00 WY W W

00

27
91
84

46
48
88
02
27
83

50

STRESS psi

WwornhuU N

11
12

14

1s.
.18
17.
17.
17.
17.

17

18

17
16

17

.00
.86
.06
.87
.16
.26
10.
.94
.88
.38
12.
13.
.55

26

97
40

16

35
72
68
99

.18
17.
17.
17.
18.
18.
18.
17.
.46
.94
16.
l6.
16.
16.
16.
.71
17.
.02
15.
15.
1s.

80
80
96
11
14
17
98

98
84
71
48
75

08
81

13
17

RATIO

NN WWWWWWWWLWWLWWWWWWWLWWWWLWLWWNNNNDNODMNODNDNEFEREHEEERPRPRPEHEBE PP

.00
.13
.24
.35
.43
.52
.62
.71
.80
.88
.98
.04
.20
.32
.82
.85
.95
.03
.13
.14
.18
.22
.24
.25
.27
.27
.14
.10
.11
.18
.05
.07
.03
.05
.03
.13
11
.88
.90
.85

HRPRPB PP PP

c

o

A
COEF

.00
.78
.74
.74
.76
.80
.83
.87
.85
.89
.90
.91
.88
.89
.5C
.80
.90
.82
.92
.91
.94
.95
.95
.94
.94
.94
.92
.96
.00
.01
.00
.01
.02
.00
.00
.00
.99 .
.05
.13
11



TEST NAME: S53.04
CONSOLIDATED-UNDRAINED TEST, NORMALLY CONSOLIDATED BEAUMONT CLAY

HEIGHT PRIOR TO SHEAR 3.12 in
DIAMETER PRIOR TO SHEAR 1.39 in

AREA CORRECTION FACTOR 1.40
EFFECTIVE CONSOLIDATION PRESSURE 4.00 psi

DEF. FORCE P.PRES. AXIAL  MINOR PRIN DEVIATORIC STRESS A
(in) (1b) (psi) STRAIN % STRESS psi STRESS psi RATIO CCET

.00 .00 .00 .00 4.00 .00 1.00 00
.00 2.08 .26 .04 3.74 1.37 1.37 19
.00 3.40 .47 .07 3.53 2.23 ‘1.63 .21
.01 4.03 .84 .16 3.16 2.64 1.84 .32
.01 4.37 1.07 .25 2.93 2.84 1.97 .38
.01 4.61 1.32 .33 2.68 2.99 2.11 .44
.01 4.82 1.54 .42 2.46 3.11 2.26 50
.02 4.78 1.74 .51 2.27 3.07 2.36 .58
.02 4.94 1.82 .60 2.18 3.16 2.45 .58
.02 5.12 1.87 .75 2.13 3.25 2.53 .58
.03 5.21 2.11 .92 1.89 3.28 2.73 64
.03 5.39 2.21 1.08 1.79 3.36 2.88 66
.04 5.44 2.22 1.25 1.78 3.36 2.89 €6
.04 5.56 2.31 1.42 1.69 3.41 3.02 68
.05 5.63 2.37 1.59 1.63 3.43 3.10 69
.05 5.75 2.42 1.76 1.58 3.47 3.20 70
.07 5.96 2.55 2.19 1.45 3.55 3.45 72
.08 6.06 2.57 2.45 1.43 3.59 3.52 .72
.08 6.09 2.55 2.62 1.45 3.60 3.49 .71
.10 6.23 2.63 3.12 1.37 3.65 3.66 72
11 5.81 2.71 3.46 1.29 3.36 3.61 81
.12 5.79 2.76 3.81 1.24 3.32 3.67 83
.13 5.76 2.78 4.29 1.23 3.27 3.67 85
.16 6.12 2.83 5.00 1.17 3.44 3.93 82
.17 6.56 2.84 5.57 1.16 3.67 4.17 78
.19 6.55 2.89 5.99 1.11 3.63 4.27 80
.20 6.67 2.76 6.28 1.25 3.68 3.95 75
.22 6.42 2.84 7.01 1.16 3.47 3.99 82
.25 6.57 2.81 7.91 1.19 3.49 3.93 .81
.27 6.58 2.74 8.74 1.26 3.43 3.72 .80
.32 6.67 2.80 10.25 1.20 3.36 3.80 .83
.36 6.77 2.76 11.50 1.25 3.32 3.66 .83
.38 6.76 2.68 12.11 1.32 3.26 3.46 .82
.41 6.78 2,76 12.97 1.25 3.20 3.57 .86
.43 6.74 2.79 13.61 1.22 3.13 3.57 89
.44 7.24 2.74 14.25 1.27 3.35 3.64 .82
.47 7.26 2.6% 15.09 1.32 3.29 3.48 .82
.51 7.28 2.79 16.34 1.23 3.19 3.59 87
.55 7.48 2.72  17.58 1.30 3.18 3.46 86
.58 7.55 2.80 18.64 1.22 3.13 3.56 90

92



TEST NAME: S$55.08

CONSQOLIDATED-UNDRAINED TEST, NORMALLY CONSOLIDATED BEAUMONT CLAY

HEIGHT PRIOR TO SHEAR
DIAMETER PRIOR TO SHEAR

AREA CORRECTION FACTOR

DEF.
(in)

.00
.00
.00
.01
.01
.02
.04
.07
.08
.09
.10
.12
.13
.13
.15
.15
.16

FORCE
(1b)

el el el i all ad mli e
HEFEFFEPPRPHEFFPFOOOOWWW®-JIJAaN

(=
(=)

e
W W

PREPREPEPHEEREEP PP
WWNWNRPDROPNNDRON R PP

.00
.46
.36
.61
.06
.79
.52
.55
.49
.23
.61
.51
.83
.80
.08
.12
.33
.42
.59
.58
.69
.70
.64
.32
.83
.00
.09
.12
.39
.54
.65
.56

P.PRES.

(psi)

OO LLLOLLLLLLOLLLLLLLOLLLLLULLOT OV ULV LUV LT LUV UL WD N
. . .

.00
.62
.07
.13
.64
.57
.46
.25
.28
.34
.42
.53
.53
.65
.57
.64
.60
.67
.57
.48
.45
.61
.62
.49
.41
.39
.42
.43
.46
.41
.41
.45
.45
.32
.40

AXIAL MINOR PRIN DEVIATORIC STRESS
STRAIN % STRESS psi

WO-J-Joaonhnuuounea o bW RP

=
o

o
WRONHEO

s
NURT, RGN

2.87 in
1.30 in

1.40
EFFECTIVE CONSOLIDATICON PRESSURE

.00
.03
.08
.25
.38
.75
.30
.39
.66
.21
.58
.04
.42
.70
.08
.36
.71
.19
.65
.10
.55
.00
.46
.53
.23
.89
.59
.28
.63
.29
.30
.96
.69
.01
18,
.07
.37
.08
.05
.40

02

93

DO NDWSE TUVITOY )

.00
.38
.93
.87
.36
.43
.54
.75
.72
.66
.58
.47
.47
.35
.44
.37

8.00 psi

STRESS psi

aoooonhnohoonNnJNNdddAdoa NN SIS S0 W

.00
.84
.26
.90
.21
.87
.09
.62
.55
.29
.24
.11
.28
.22
.38
.36
.46
.45
.50
.43
.44
.39
.28
.92
.16
.17
.12
.04
.16
.15
.06
.91
.85
.91
.69
.86
.67
.93
.73
.61

RATIO

WWWWWWWWWWLWWWWLWWWWWLHEWWHaEDLELDBWWWWWWNDNDREEPEREPREPE

.00
.25
.47
.84
.97
.28
.72
.40
.41
.37
.80
.88
.95
.07
.03
.11
.10
.19
.08



TEST NAME: S$56.02

CONSCLIDATED-UNDRAINED TEST, NORMALLY CONSOLIDATED BEAUMONT CLAY

HEIGHT PRICR TO SHEAR

DIAMETER PRICR TO SHEAR

AREA CORRECTION FACTCR

DEF.
(in)

.00
.00
.00
01
.01
.01
.02
.02
.03
.03
.04
.04
.05
.06
.06
.07
.08
.08
.10
.11
.13
.14
.16
.17
.20
.22
.25
.27
.30
.32
.35
.37
.43

(1b)

b BB BB BB B BB B B BB B BWWWUWWLWWWWWWOWWWWWWWwWwNNNNN

.00
.16
.63
.83
.96
.10
.20

e e e e e e e e e N e el o e e e e N el el el el el el

FORCE P.PRES.
(psi)

.00
.16
.39
.55
.67
.76
.86
.96
.00
.10
.14
.14
.21
.23
.22
.26
.32
.34
.37
.39
.35
.36
.35
.40
.42
.37
.41
.43
.40
.37
.36
.41
.37
.38
.35
.40
.37
.35
.38
.38

AXIAL MINOR PRIN DEVIATORIC STRESS
STRAIN % STRESS psi

I N S
ABNHFPOOWDIAVUVELEWWNNNNE

=
W ©

NN
[Ny

2.97 in
1.40 in

1.40
EFFECTIVE CONSOLIDATION PRESSURE

.00
.04
.13
.22
L31
.40
.53
.71
.87
.09
.31
.48
.70
.92
.13
.36
.63
.85
.28
.84
.37
.85
.25
.82
.70
.57
.31
.19
.06
.94
.64
.52
.47
.45
.43
.71
.68
.00
.97
.61

94

2.00 psi

2.00
1.84
l.61
.45
.33
.24
.14
.04
.00
.90
.86
.86
.79
.77
.78
.74
.68
.66
.63

el e el

STRESS psi

HEHFEFRPRPRFRPRFPRPRPERPREREERDNDRDPRDNDNRDDNDNODNNDNDDNDNODNDNDNDDNDDNDNDNDDNDNDEREREREHEREE

.00
.40
.69
.80
.87
.95
.99
.08
.08
.06
.11
.11
.13
.13
.09
.13
.09
.03
.12
.12
.10
.12
.11
.10
.10
.08
.09
.03
.02
.99
.96
.93
.90
.78
.79
.71
.63
.55
.46
.42

RATIO

WWWWWWWWeH b b LD BB DB LHL DL WWWWWWWWWNONNNO0NNNNEF

.C0
.76
.05
.24
.41
.58
.75
.00
.08
.28
.44
.46
.70
.75
.67
.89
.07
.15
.37
.46
.24
.29
.22
.49
.61
.29
.49
.57
.36
.11
.04
.24
.93
.81
.66
.74
.48
.28
.23
.17

A
COEF

.00
.12
.23
.30
.36
.39
.43
.46
.48
.53
.54
.54
.57
.58
.58
.59
.63
.64
.65
.65
.64
.64
.64
.67
. €8
.66
.67
.71
.69
.69
.70
.73
.72
.78
.75
.82
.84
.87
.94
.97



TEST NAME: S57.15

CONSOLIDATED-UNDRAINED TEST, NORMALLY CONSOLIDATED BEAUMONT CLAY

HEIGHT PRIOR TO SHEAR

2.75 in
1.31 in

DIAMETER PRIOR TO SHEAR

AREA CORRECTION FACTOR
EFFECTIVE CONSCLIDATION PRESSURE

DEF.
(in)

.00
.00
.00
.00
.00
.01
.01
.0l
.02
.02
.03
.03
.04
.04
.04
.05
.07
.09
.12
.14
.16
.18
.20
.22
.24
.26
.28
.30
.32
.35
.37
.39
.42
.44
.47
.50
.53
.57
.60
.63

FORCE
(1b)

.00
.16
.92
.14
.85
.59
.30
.98
.22
.58
.09
.56

P.PRES.

(psi)

=
o

ol e e
CO0OOWEDO®®B®I-VARNNU B WN

e e e i e N S Ty
leYoReRoRofeyofoRe o oo o RoRo X r K )
bt

.00
.91
.60
.28
.16
.23
.00
.72
.07
.53
.24

AXIALL MINOR PRIN DEVIATORIC STRESS
STRAIN % STRESS psi

.00
.02
.06
.08
.17
.27
.39
.54
.61
.72
.93
1.14
1.33
1.44
1.55
1.73
2.42
3.30
4.32
5.16
5.89
6.61
7.19
7.92
8.76
9.48
10.17
11.01
11.74
12.61
13.30
14.28
15.15
16.10
17.08
18.24
19.40
20.60
21.80
22.93

1.40

15.00 psi

15.
.08
13.
12.
.84
10.
10.

14

11

95

B DD BB SRR DL BB LB ) -0 W

00

40
72

77

STRESS psi

10.
10.
10.
11.
11.
11.
11.
11.
11.
12.
12.
12.
12.
12.
12.
12.
12.
12.
12.
12.
12.
12.
12.
11.
11.
10.
10.
10.
10.
10.
10.
10.

-
OWWOoNH &N

RATIO

WWWWWwWwWwWwWwWwWwWwWwwWwWWwWwWwWwWwWwWwNNNDRONNNPNDNDNOONNEREREEHEERE PP

.00
.17
.33
.47
.68
.86
.98
.10
.16
.25
.41
.55
.67
.75
.80
.89
.22
.43
.50
.70
.78
.72
.61
. 64
.73
.68
.64
.53
.62
.67
.54
.36
.44
.29
.06
.21
.26
.13
.13
.27

A
COEF

.00
.39
.37
.38
.38
.46
.51
.56
.59
.62
.6¢€
.70
.72
.73
.74
.76
.81
.82
.82
.84
.85
.84
.82
.83
.84
.80
.81
.80
.82



TEST NAME: S58.34

CONSOLIDATED-UNDRAINED TEST, NORMALLY CONSOLIDATED BEAUMONT CLAY

HEIGHT PRIOR TO SHEAR

DIAMETER PRIOR TO SHEAR

AREA CORRECTION FACTOR

DEF.
(in) (1b)
.00 .00
.00 3.74
.00 7.25
.00 10.07
.00 13.45
.00 15.41
.01 18.38
.01 20.38
.02 22.34
.02 23.82
.03 25.11
.03 26.21
.04 27.04
.05  27.85
.05 28.38
06 29.15
06 29.56
07 29.92
07 30.37
08 30.73
09 31.54
11 32.22
12 32.85
14 33.22
15 33.83
17 34.23
18 34.62
20 34.84
21 35.14
22 35.31
24 35.53
26 35.95
28 35.85
31 36.34
34 36.67
37 36.61
41 37.03
44 37.60
47 37.59
50 37.99

FORCE P.PRES.

(psi)

AXIAL MINOR PRIN DEVIATORIC STRESS

STRAIN % STRESS psi

O
OIJOUMWNHOW®O®MJJARAUUNEWWWRNRNNNE R P

2.67 in

1.00
EFFECTIVE CONSOLIDATION PRESSURE

.00
.02
.04
.06
.10
.15
.26
.40
.60
.80
.05
.30
.51
.71
.91
.16
.36
.55
.76
.00
.48
.97
.49
.09
.73
.22
.85
.34
.83
.35
.84
.74
.34
.46
.70
.93
.17
.40
.64
.80

1.28 in

96

.00
.10
.99
.97
.24
.04
.61
.58
.69
.29
.97
.88
.20
.59
.10
.58
.21
.83
.51
.16
.52
.13
.93
.86
.86
.85
.75
.66
.65
.82
.02
.19
.00
.00
.21
.07
.30
.74
.54
.41

34.00 psi

STRESS psi

RATIO

NRONNODNRNNRNODNODNONDNODNODRNRNODNNRODRNNNNNDRNNNNRODNNNNDNNNODNOMNNNNRPRPRPREEEE R P



TEST NAME: S59.05

CONSOLIDATED-UNDRAINED TEST, NORMALLY CONSOLIDATED BEAUMONT CLAY

HEIGHT PRIOR TO SHEAR
DIAMETER PRIOCR TO SHEAR

AREA CORRECTICON FACTOR

DEF.
(in)

FORCE

(1b)

WWWWYWWOoOOWMOMAMOMOMOOILOWMOOMOWOW~I-JI~IIdIdIdJIdIddJdJaaon ATV B W

P.PRES.

(psi)

WWWWwWwWwWwWwLWwWWWWWWWWWLWWLWWWWWWLWWWWNNRNNDNND

.00
.32
.57
.78
.13
.61
.93
.26
.45
.62
.77
.83
.95
.10
.18
.23
.35
.35
.30
.40
.44
.43
.39
.35
.33
.29
.27
.30
.27
.24
.26
.28
.21
.26
.25
.21
.29
.23
.19
.20

AXIAL  MINOR PRIN DEVIATORIC STRESS
STRAIN % STRESS psi

Wow-J-J~Joaaonoanhnwunmdbado e WwWNDNDNDHRF P

2.99 in
1.33 in

1.40
EFFECTIVE CONSOLIDATION PRESSURE

97

PR RERPRPRRPRRRRPRPRPRRPRRRPRRPRRREHEEPREPEEBRROODRODRNONDODWWWES S &N

5.00 psi

STRESS psi

o o B B D D D D DD DD DD DD DD D DD BB RDDSRDE B BB WWWNN

RATIO

WWWwWwWwWwWwLwWwWwwWwWwWwWwwWwd b bdWWWWWWwWwwWwLwhhNDNDNDNDEPE PP PP

.00
.28
.53
.67
.83
.07
.26
.50
.69
.89
.05
.10
.26
.50
.59
.66
.85
.87
.85
.03
.10
.08
.01
.95
.87
.82
.80
.83
.74
.66
.66
.64
.52
.56
.46
.43



TEST NAME: W60.07
CONSOLIDATED-UNDRAINED TEST,

HEIGHT PRIOR TO SHEAR

DIAMETER PRIOR TO SHEAR

AREA CORRECTION FACTOR
EFFECTIVE CONSOLIDATION PRESSURE

DEF.
(in)

FORCE
(1b)

WWOWWWWYWWOOOWOMDmOOMOMOOW-J~JAAOANWUH SHN

.00
.74
.26
.91
.43
.07
.31
.99
.32
.54
.11
.23
.45
.61
.80
.92

P.PRES.

(psi)

AXIAL
STRAIN % STRESS psi

WWOWoOo-J-Joanunununmd eWWwNDNNNNONREFF B

2.94 in

1.40

.00
.04
.08
.13
.18
.26
.31
.49
.59
.68
.96
.05
.24
.38
.68
.94
.08
.21
.68
.88
.11
.64
.05,
.42
.27
.64
.92
.29
.00
.96
.50
.45
.86
.08
.63
.58
.91
.99
.12
.97

1.40 in

MINOR PRIN DEVIATORIC STRESS
STRESS psi

HHEHEFEPRPPHERHERERERRRRRRRRRRRRRRODNDRNNWWWWS &S00 G -

.00
.45
.00
.62
.34
.96
.81
.15
.91
.67
.15
.08
.80
.46
.18
.89
.87
.83
.78
.72
.79
.83
.73

7.00 psi

[ ) X N NONONONONONOROEUNURUNOoONONORUROUROEUROURORNEG NN RO RO RV RV RN S i Sy P I PSR VS I\ o

.00
.77
.74
.15
.48
.87
.02
.42
.62
.74
.05
.10
.20
.28
.33
.35
.34
.34
.45
.50
.53
.47
.31
.55
.02
.04
.13
.87
.89
.87
.92
.05
.04
.10
.17
.21
.21
.28
.32
.36

WETTED & DRIZD BEAUMONT CLAY

RATIO

BB B B B B BB B BB BB BB BB WE BB WWWWWRNRNRNNNNE R e

.00
.27
.46
.56
.65
.78
.84
.07
.18
.29
.60
.66
.86
.14
.44
.83
.85
.92
.06
.20
.08
.98
.19
.00
.03
.77
.83
.63
.22
.49
.65
.29
.17
.54
.40
.47
.45
.34
.31
.31



TEST NAME: W61.20

CONSOLIDATED-UNDRAINED TEST, WETTED & DRIED BEAUMONT CLAY

HEIGHT PRIOR TO SHEAR

DIAMETER PRICR TOC SHEAR

AREA CORRECTION FACTOR

DEF.
(in)

FORCE
(1b)

.00
.92
.08
.29
.73
.10
.13
.97
. 68
.33
.90

P.PRES.

(psi)

e
oo

=
oo

el el e el el e S S e e e S S S Sy e N
O HHEHERNRNONOMONNOMNNHEFEFHEHFOOOWW®® IOV WK

.00
.02
.16
.02
.30
.26

AXIAL

o
O

e
@I e Wl

WO -JdAAOUMELHEWWNDNNMNNDEHERFPRPE P

2.84 in

1.00
EFFECTIVE CONSCLIDATION PRESSURE

.00
.02
.06
.10
.20
.29
.39
.47
.56
.66
.75
.94
.03
.17
.40
.50
.74
.88
.03
.24
.73
.94
.30
.66
.19

1.38 in

MINOR PRIN DEVIATORIC STRESS
STRAIN % STRESS psi

20.
18.
17.
l6.
15.
14,
13.
13.
12.
12.
11.
.19

11

10.
-10.
.87
.64
.15
.93
.75
.51
.12
.01
.85
.69
.66
.54
.49
.72

99

WWOWWOWOWWPYWOWo oW J-J-IJIJIIIIJOOOWDY WY

00
98
84
98
70
74
95
32
77
32
91

88
47

20.00 psi

STRESS psi

.00
.61
.38
.85
.45
.34
.01
.55
.99
.40
.76
.35
.60
.94
.40
.57
.92
.14
.28
.55
.00 -
.17
.19
.53
.90
.15
.34
.65
.00
.25
.45
.72
.78
.97
.27
.21
.38
.36
.22
.02

RATIO

NNNNWWWWOLWWWWWWWWWLWRRNRNNDNNODRNNDNDNDDNDNDNDERRERPEP,PHEPERPRRE PR

.00
.14
.30
.40
.54
.63
.72
.79
.86
.93
.99
.10
.16
.24
.36
.41
.52
.58
.63
.71
.85
.89
.94
.02
.08
.14
.18
.16
.18
.19
.19
.20
.17
.17
.08
.01
.98
.97
.94
.93



TEST NAME: W62.03

CONSQLIDATED-UNDRAINED TEST, WETTED & DRIED BEAUMONT CLAY

HEIGHT PRIOR TO SHEAR

DIAMETER PRIOR TO SHEAR

AREA CORRECTION FACTOR

DEF.
(in)

(1b)

(Ve Vo lNe s 2o o JNe o o BESBEN EEN BEN BEN o (W e \ W W N\ NN U NURUNUNLEURGNOELRO R R R I T R - St Sy PR N )

.00
.26
.74
.09
.43
.69
.84
.99
.16
.17
.26
.34
.38
.41
.53
.53
.57
.60
.62
.68
.84
.93
.99
.10
.24
.27

FORCE P.PRES.

(psi)

HEEPEPRPEREPFEEREDODODDDNODNODNODONNNODNDNDNDNDNODRDNNDNODONNNDNDNODNDNDNONNE - P2

AXIAL MINOR PRIN DEVIATORIC STRESS
STRAIN % STRESS psi

S
AUMBWHOWVWOIIAUVUNB B BWWWWWWWRNRNNNKF

Ny
Cw -

2.85 in
1.43 in

1.40
EFFECTIVE CONSOLIDATION PRESSURE

.00
.58
.69
.78
.93
.11
.25
.45
.68
.87
.10
.34
.53
.76
.02
.24
.38
.47
.58
.65
.82
.18
.49
.84
.26
.61
.42
.02
.82
.84
.65
.70
.72
.26
.63
.33
.04
.75
.16
.00

3.00 psi

3.00
2.47
2.16
.94
.66
.41
.27
.10
.95
.91
.80
.74

S

R A Ny
'_l
wn

100

STRESS psi

WWWWLWWWWWwWLwWWWLWWWWWwWwWwWwwwwwwwNhwhNNNDNDNDNDNDNDNDNDDD

.00
.93
.21
.41
.59
.72
.79
.85
.91
.88
.91
.94
.95

RATIO

.00
.78
.02
.24
.56
.93
.19
.59
.05
.16
.64
.96
.39
.78
.88
.08
.25
.98
.84
.47
.68
.78
.17
.01
.23
.17
.19
.96
.95
.85
.25
.66
.41
.45
.21
.20
.25
.92
.08
.12

A
COEF

.00
.27
.38
.44
.52
.58
.62
.67
.70
.72
.76
.17
.78
.81
.83
.84
.84
.85
.84
.83
.78
.74
.70
.68
.68
.68
.68
.64
.63
.61
.64
.38
.53
.56
.51
.50
.52
.49
.49
.48



TEST NAME: W63.12

CONSOLIDATED-UNDRAINED TEST, WETTED & DRIED BEAUMONT CLAY

HEIGHT PRIOR TO SHEAR

DIAMETER PRIOR TO SHEAR

AREA CORRECTION FACTOR

DEF.
(in)

FORCE P.PRES.

(1b)

(psi)

AN I I I IV IV IV YOOI DI nds s WNDNE P

.00
.41
.83
.21
.50
.07
.66
.65
.27
.79
.26
.65
.03
.49
.87
.27
.59
.63
.70
.80
.81
.82
.94
.05
.00
.93
.87
.80
.77

AXIAI, MINOR PRIN DEVIATORIC STRESS

STRAIN % STRESS psi

—
o>

NN
N

e
NFOWVLOIIOAUE BWWWNNNE P

el el el =
W 0 ~J WL
Pt

2.78 in

1.40
EFFECTIVE CONSOLIDATION PRESSURE

.00
.01
.03
.05
.07
.13
.20
.34
.47
.63
.76

1.40 in

12.
11.
11.
10.
10.

101

LU s LD LSS LDLHWHDDLDOSL DL DOHEUMUULOYO - - WYY

12.00 psi

STRESS psi

=P
COWVWYWWWWWWWWIWDE®®DMD® ~J IO AU & & WH

[
o

PRPEPRERPRRPRPREPRRPE PP
O0OO0OODODODOFHPOOOOO

.00
.87
.16
.23
.74
.42
.02
.76
.28
.71
.06
.33
.50
.72
.89
.01
.15
.27
.28
.41
.56
.69
.78
.84
.99
.30
.37
.44
.52
.63
.69
.81
.95
.14
.17
.74
.76
.80
.17
.74

RATIO

NNWLWLWWLWWWWWWWLWWLWWLWWLWWLWWWLWWWWWLWWLWRNDNPDRDNDNNDNDEHE PP PP

.00
.16
.28
.39
.45
.55
.64
.81
.94
.07
.20
.31
.42
.58
.73
.90
.07
.12
.16
.24
.28
.32
.41
.49
.50
.53
.31
.48
.49
.42
.32
.32
.27
.39
.22
.08
.07
.09
.99
.96



TEST NAME: W64.30

CONSOLIDATED~UNDRAINED TEST, WETTED & DRIED BEAUMONT CLAY

HEIGHT PRIOR TO SHEAR

DIAMETER PRIOR TO SHEAR

AREA CORRECTION FACTOR

DEF.
(in)

.00
.00
.00
.00
.00
.00
.00
.00
.01
.01
.02
.02
.03
.03
.04
.05
.05
.06
.07
.09
.11
.13
.14
.16
.18
.20
.22
.24
.26
.28
.32
.35
.38
.41
.44
.46
.49
.53
.56
.61

FORCE
(1b)

.00
.17
.00
.05
.89
.97
.20
.98
.42
.33
.09

P.PRES.

(psi)

.00 -
.18

.88
.38
.18
.51
.05
.93
.22
.80
.27
.77
.99
.92
.95
.78
.41
.88
.74
.98
.32
.48
.49
.46
.50
.23
.71
.43
.26
.28
.58
.25
.18
.73
.38
.48
.03
.52
.97
.91

AXIAL MINOR PRIN
STRAIN % STRESS psi

e
WNOWWD IRV B WNNE

e
e RTINS

=
@® 3

NN
wEe o

2.65 in
1.39 in

1.00
EFFECTIVE CONSOLIDATION PRESSURE

.00
.01
.03
.04
.06
.10
.13
.17
.24
.44
.59
.79
.00
.20
.46
.71
.85
.20
.65
.45
.08
.79
.47
.19
.79
.58
.34
.06
.85
.64
.11
.25
.49
.58
.49
.36
.60
.11
.32
.13

30.00 psi

30.
29.
29.
28.
27.
26.
25.
25.
23.
21.
19.
18.
17.
16.
15.
14.
13.
13.
12.
11.
10.
10.
10.
10.
10.
10.
11.
11.
111,
11.
12.
12,
12.
13.
13.
13.
13.
14,
14,
1s.

102

DEVIATORIC STRESS
STRESS psi

.00
.78
.65
.01
.88
.57
.38
.55
.48
.35
.47
.66
.63
.42
.28
.94
.52
.02
.77
.70
.35
.98
.47
.80
.03
.38
.78
.04
.16
.24

RATIO

MR NODNWOWWWWWWWWWWWWRNRNRNRNRNRNNE R R e

.00
.03
.08
.14
.21
.32
.36
.42
.48
.63
.73
.86
.98
.08
.21
.33
.44
.53
.69
.97
.08
.18

A
COEF

.00
.23
.33
.35
.37
.41
.43
.47
.54
.6¢€
.71
.75
.78
.80
.82
.83
.84
.84
.85
.87
.86
.85
.83
.82
.81
.79
.75
.74
.73
.72
.69
.67
.66
.64
.62
.63
.61
.58
.60
.55



TEST NAME: W65.02
CONSOLIDATED-UNDRAINED TEST,

HEIGHT PRIOR TO SHEAR

DIAMETER PRICR TC SHEAR

AREA CORRECTION FACTOR

DEF.
{in)

FORCE

(1b)

oo UuuUuoTbs b b bbb bR BWWWOUWWWWWWWWLNDNDONDDNDNDNDE

.00
.81
.00
.00
.21
.39
.48
.56
.72
.82
.91
.00
.03
.07

P.PRES.

{psi)

S S N e O O N N ol ol N TSNSy

AXIAL  MINOR PRIN DEVIATORIC STRESS
STRAIN % STRESS psi

N
NOJOVWNHOWO®OIJAUU S WWRNN K

3.20 in
1.42 in

1.40
EFFECTIVE CONSOLIDATION PRESSURE

.00
.01
.04
.10
.15
.24
.30
.36
.44
.53
.65
.81
.93
.03
.16
.28
.54
.86
.16
.63
.22
.84
.47
.09
.81
.33
.13
.75
.34
.94
.69
.56
.41
.22
.22
.12
.59
.81
.22
.28

2.00 psi

2.00
1.95
1.84
1.73
.55
.44
.38
.33
.22
.17
.05
.02
.92
.87
.81
.78
.68
.59
.60
.64
.67
.69
.51
.35
.54
.67
.63
.68
.65
.70
.70
.56
.65
.76
.58
.79
71
.84
.72
.80

R

103

STRESS psi

N NN NN N N N S N N N N N N N N N N N N N N N N N e N S ol N S N S e e i al

.00
.51
.62
.24
.37
.47
.52
.55
.64
.69
.73
.76
.75
.17
.17
.80
.80
.81
.87
.86
.86
.91

WETTED & DRIZD BEAUMONT CLAY

RATIO

W W Wh W BB BB BB BB BB WWWEHE LB WWWWLWRNDNDRNONDNOONDNDDNDEHEE B

.00
.26
.34
.72
.88
.02
.10
.17
.35
.45
.64
.73
.90
.04
.18
.32
.63
.08
.13
.89
.78
.76
.90
.70
.75
.07
.43
.13
.32
.04
.02
.87
.34
.85
.80
.85
.27
.70
.13
.89

A
CCEF

.00
.09
.25
.22
.33
.38
.41
.43
.48
.48
.55
.58
.61
.64
.67
.68
.73
.78
.75
.73
.72
.68
.74
.72
.72
.65
.64
.62
.63
.61
.61
.67
.62
.58
.64
.55
.57
.52
.58
.53



TEST NAME: WL63.02
CONSOLIDATED-UNDRAINED TEST ON WETTED & DRIED BEAUMONT SPECIMEN
WHICH WAS SUBJECTED TO WETTING AND DRYING WHILE UNDER A VERTICAL
PRESSURE OF 2 PSI (RESULTS OF TEST NOT DISCUSSED IN MAIN CHAPTERS)

HEIGHT PRIOR TO SHEAR
DIAMETER PRIOR TO SHEAR

AREA CORRECTION FACTOR

DEF.
{(in)

.00
.00
.00
.00
.01

FORCE P.PRES.

(1b)

e
WWOWWDOO OO WL WL WL O 0D 0D 0 -J~J oL

el N
MNVHHEEFOO

.00
.78
.10
.71
.31
.97
.59
.69
.76
.85
.90
.97
.99
.05
.21
.31
.53
.64
.74
.99
.15
.36
.52
.36
.92
.19
.46
.94
.37
.23
.60
.90
.05
.29
.60
.73
.34
.50

(psi)

Al

.00
.20
.48
.72

AXIAL MINOR PRIN DEVIATORIC STRESS
STRAIN % STRESS psi

Wo-Jonoauwnb bW EPERFRRPPRP

2.62 in
1.52 in

1.40
EFFECTIVE CONSOLIDATION PRESSURE

.00
.04
.09
.19

104

e S NS N=NN

e e S e e R =l S e e e S S S =

.00
.80
.52
.28
.08
.07

2.00 psi

STRESS psi

.00
.98

¢ .

o i DD BB WW LW B BB WU BB D DD DB BB DD BB D DWW
« . . . « e s e e e a4 e e = . e . .

.81
.68
.10
.32

RATIO

WWWWWWWWWWWHBEBWBULLULIBULMUUUOUOOUUUTL U S WK

.00
.55
.85
.88
.80
.05
.60
.52
.75
.66
.74
.60
.46
.60
.62
.69
.02
.10
.03
.96
.12
.15
.13
.29
.96
.08
.06
.50
.56
.46
.69
.45
.52
.46
.25
.29
.26
.11

A
COET

.00
.20
.17
.20
.23
.22
.22
.21
.22
.22
.22
.22
.22
.22
.2l
.21
.17
.18
.17
.16
.16
.18
.16
.21
.16
.10
.16
.13
.12
.13
.10
.06
.08
.07
.03
.C6
.04
.03



APPENDIX D. CORRECTIONS FOR TRIAXIAL TESTS DATA

INTRODUCTION

Stresses in the triaxial specimens were corrected
for the effects of filter paper and rubber mem-
brane as well as for the effect of changing area
due to axial and lateral deformation of the speci-
men during shear. Careful measurements were
made to obtain appropriate area corrections that
account for the effect of specimen deformation at
large strains. These corrections are presented and
discussed in this Appendix.

FILTER AND MEMBRANE CORRECTIONS

Filter and membrane comections were computed
using the recommendations of Duncan and Seed
(1965). Filter paper and membrane corrections
were applied to all of the triaxial tests.

Filter Correction

The filter paper correction consists of a correc-
tion to the axial stress calculated according to the
following equation:

P
Adafp = kfp A_

s

Correction to the axial stress for
load carried by filter paper drains.

where AG,, =

ki = Load carried by filter paper drain
per unit length of perimeter cov-
ered by filter paper (0.165 Ib/in;
Gourlay and Wright, 1984).

P = Perimeter of specimen covered by
the filter paper.

As = Area of specimen.
The value of kg, was taken to be 0.165 Ib/inch af-

ter Gourlay and Wright (1984). No corrections were
made to the lateral stresses for the filter paper.

Membrane Correction

Rubber membrane corrections were applied to
the axial and the lateral stresses based on the fol-
lowing equations:

where A6,

Aclm

Ear

&y

g 2
AGym = —Cam (E)Em

2
Ac"lm = -Clm (E)Em D

4tom
D

os

2tom

os

= Correction to axial stress for
membrane strength.
= Correction to lateral stress for
membrane strength.
= Young's Modulus of the membrane.
= Initial diameter of the specimen (at
end of consolidation).
= Initial thickness of the membrane.
l1-¢
1+2g, - Y
C 1~y
am 1-¢€,
1-¢
246€, =2 Y
1-¢,
Cim =
1-¢,
= Axial strain due to consolidation
and/or undrained deformation.
= volumetric strain during consolid-

ation.

Young’s modulus for the membrane was taken

to be 135 psi based on Gourlay and Wright (1984).
A membrane thickness (i) of 0.0054 inches was
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used for #wo membranes based on values also re-
ported by Gourlay and Wright (1984).

Because the measured cohesion intercept has a
significant influence on the computed factors of
safety for shallow slides, it was decided to inves-
tigate the effect of the membrane and filter paper
corrections on the effective principal stresses at
failure, as well as on the measured failure enve-
lopes for specimens subjected to wetting and dry-
ing. The corrected and uncorrected minor princi-
pal stress and peak principal stress difference are
plotted versus the effective nominal consolidation
pressures in Figure D.1 for the Paris clay and in
Figure D.2 for the Beaumont clay. Similar plots
for the data at large strains are shown in Figure
D.3 for the Paris clay and in Figure D.4 for the
Beaumont clay. It can be seen that filter paper
and membrane corrections have almost no effect
on the computed minor principal stresses and

that they result in only a small reduction in the
principal stress difference for both the peak
strength and at large strains. The corrections do
not vary with the applied effective consolidation
pressure.

The corrected and uncorrected effective stress
failure envelopes (for stress path tangency) are
shown for comparison, in Figure D.5 for the Paris
clay and in Figure D.6 for the Beaumont clay. The
corrected and uncorrected effective stress failure
envelopes for large strains are shown in Figure
D.7 for the Paris clay and in Figure D.8 for the
Beaumont clay. The filter paper and membrane
corrections can be seen to have little influence on
the measured failure envelopes. The filter paper
and membrane corrections result in a reduction in
shear strength of approximately 1.5 percent at ef-
fective stress path tangency and 2.5 percent at
large strains. ‘

30—
25—
'jé, 20 . = == Uncorrectedo—G4
- : — Corrected 6-G3 =
© 15 . = . P
s 153 <5
?.. 10 ] . 4/
=] 3 / <
5 3 = ‘/ )
§ — —— Corrected ¢'4
. B - = Uncorrectedo's
0 . L] Il/l ¥ | S 1] L L] L L] L] ] L] L] ¥ T L] I L) L L L] r L] LEL) 1
0 5 10 15 20 25 30 35
EFFECTIVE CONSOLIDATION PRESSURE (psi)
Figure D.1 Uncorrected and corrected minor principal stress and peak stress difference versus the

effective consolidation pressure for Paris clay specimens
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305
25 3 - = - Uncormrectedo—0 o
- 3 — Corrected 0103 P
17 - 2
S 20 > g
S . E
1
| r
: / l/ \ '
5 . P Corrected 6’5 {1
3 S - - Uncorrectedo's
1 — n 5
O L] L] L] I—I L L) L] ' ¥ T & 0 I L] 1 1 L] I ¥ T ¥ 1 l L L L§ ¥ l L] L LI

0o 5 10 15 20 25 30 35
EFFECTIVE CONSOLIDATION PRESSURE (psi)

Figure D.2 Uncorrected and corrected minor principal stress and peak stress difference versus the
effective consolidation pressure for Beaumont clay specimens

30—

25
& 20
- ] == - Uncorrectedo—03
© 15 5 — Corrected 603
< . IR
¥ 105 >:=/
) - L a=

3 _—7‘— - I/

5 ey Corrected o3 |-
] r /'/ - - Uncorrecteda's
03— : :
L L] ¥ L] L] L] ¥ L I L) L] 1 L] L] L L] '—' LI B | L I L] L) L 1 l LR |
0 5 10 15 20 25 30 35

EFFECTIVE CONSOLIDATION PRESSURE (psi)

Figure D.3 Uncorrected and corrected minor principal stress and stress difference at large strains
versus the effective consolidation pressure for Paris clay specimens
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30+
25 . = == Uncormrectedo-03 . /
n — Corrected (e Sume k) ,‘/
& 204 5
LI
& 15
? 104 T
o . '&
5 - — Corrected o4
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0 LI 3 L L) T L] 1 L] 1) L] L] L L) 1 1 T L LR i 1 L] T ¥ i T ¥ i T

0 5 - 10 15 20 25 30 35
EFFECTIVE CONSOLIDATION PRESSURE (psi)

Figure D.4 Uncorrected and corrected minor principal stress and stress difference at large strains
versus the effective consolidation pressure for Beaumont clay specimens

Z 30
&
m ]
O 25
é n
E 20 : )
a ; ' /
v 15 /g/
“v 4
E 10
- . O Corrected Failure Envelope
% - 5 X Uncorrected Failure Envelopd
I Vet
E 0 ] ‘ L 1 r L i l | ] ' Ll L l L] L l Ll L l T ] l L] L) l ] l L]

0 2 4 6 8 10 12 14 16 18 20
MINOR PRINCIPAL EFFECTIVE STRESS (psi)

Figure D.5 Uncorrected and corrected effective stress path tangency failure envelopes for Paris clay
specimens which were subjected to wetting and drying
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MINOR PRINCIPAL EFFECTIVE STRESS (psi)

Figure D.6 Uncorrected and corrected effective stress path tangency failure envelopes for Beaumont
clay specimens which were subjected to wetting and drying

0O Corrected Failure Envelope
X Uncorrected Failure Envelops

7 30
o ]
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E 20_
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.
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&
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Oilll I|_|' LEIR B I‘l ll[ I‘Iilllill_riTlﬁ_illl
0 2 4 6 8 10 12 14 16 18 20

MINOR PRINCIPAL EFFECTIVE STRESS (psi)

Figure D.7 Uncorrected and corrected large strains failure envelopes for Paris clay specimens which
were subjected to wetting and drying
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PRINCIPAL STRESS DIFFERENCE (psi)

30
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. /

ji/ O Corrected Failure Envelope

\

10 ¢ 18011

3 gy X Uncorrected Failure Envelopd |
0 T 17 T 1 1 11 ™77 | L LI LI DL BN SLEE MR LI R S N B |
0 2 4 6 8 10 12 14 16 18 20

MINOR PRINCIPAL EFFECTIVE STRESS (psi)

Figure D.8 Uncorrected and corrected large strains failure envelopes for Beaumont clay specimens
which were subjected to wetting and drying
AREA CORRECTIONS The area correction during shear was evaluated

according to the following equation:

Two modes of failure were typically observed in

triaxial specimens: bulging failure and failure with A
a distinct shear plane. These two failure modes are T1-2¢

2 6))

illustrated in Figure D.9. Bulging failure was ob-
served to occur in normally consolidated and wet-

ted and dried specimens which were consolidated  where A

Corrected area at axial strain &

to effective consolidation pressures of no more

than 15 psi. Failure with a distinct shear plane was £

Measured axial strain during shear.

observed in all specimens which were consolidated

to effective consolidation pressures greater than 15 A,

Initial area at end of consolidation.

psi. All specimens tested in their as-compacted

state failed with a distinct shear plane regardless of a = Area correction factor.
the value of the effective consolidation pressure.
BULGING FAILURE SHEAR PLANE FAILURE

Figure D.9

Bulging failure and failure along a distinct shear plane observed in specimens tested in
triaxial shear
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The corrected area at the end of consolidation
(A,) was calculated by measuring the moisture
content and specimen weight at the end of shear,
and by measuring the height of the specimen at
the end of consolidation. Based on these measure-
ments, and assuming a 100 percent degree of satu-
ration, the total unit weight of the soil was com-
puted, and the volume of the specimen at the end
of shear (or at the end of consolidation for an
undrained test) was calculated. The corrected area
at the end of consolidation was obtained by divid-
ing the volume of the specimen over its measured
height at the end of consolidation.

The area correction factor “a” depends on the
pattern of deformation of the specimen. If a speci-
men deforms as a cylinder over its entire length,
*a” is unity. If a specimen deforms as a cylinder
over its middle half, “a” is two. Germaine and
Ladd (1988) define the "a” factor as the length of
the zone of bulging divided by the length of the
specimen. In order to determine the appropriate
area corrections for the tests in the current study,
the factor “a” was back-calculated from actual
measurements of specimen dimensions at the end
of shear.

Bulging Failure

The “a” factor was back-calculated at the end of
shear using the following equation:

1 A
a= ;(1 —A—o) @
where A = Corrected area at the end of shear.
& = Final axial strain.
A, = Initial area at end of consolidation.
The area, A, was estimated by measuring the

deformed shapes of specimens after shear. The de-
formed shapes were determined by measuring the
diameters of specimens at 0.1-inch increments over
the height of the specimens. The deformed shapes
are plotted in terms of the radius of the specimen
for ten specimens in Figures D.10, D.11, and D.12.
It can be seen that the upper and lower ends of
each specimen experienced negligible lateral de-
formation.

Cross-sectional areas were computed based on
the deformation in the zone where significant
deformation had taken place The zone of signifi-

111

cant deformation, referred to herein as the
“bulging zone,” is shown for the ten specimens
(between pairs of straight lines) in Figures D.10,
D.11, and D.12.

Cross-sectional areas were computed within the
bulging zone at 0.1-inch increments. The mean of
the areas in the bulging zone were then calculated
to determine a corrected area (A) at the end of
shear. The corrected area was then used to back-
calculate the area correction factor (a) in equation
(2). The computed area correction factors are tabu-
lated for each test in Table D.1. An average area
correction factor of 1.4 was found by this proce-
dure.

To evaluate the significance of averaging the ar-
eas over the bulging zone only, the areas were
also averaged over the entire height of the speci-
men. The computed area correction factors for the
entire height of the specimen are also tabulated in
Table D.1. The computed area correction factors
based on areas averaged over the entire length of
the specimens were 1.2 compared with 1.4 when
averaged over the bulging zone only. Accordingly,
an area correction factor of 1.4, based on the aver-
age area over the bulging zone, was adopted for
subsequent use in data reduction for the speci-
mens that failed by bulging. The difference be-
tween the corrected areas at the peak principal
stress difference, using area correction factors of
1.0-and 1.4, did not exceed 3 percent.

Failure With a Distinct Shear Plane

To determine the areas for specimens that failed
with distinct failure planes, the major and minor
diameters of the elliptical failure surface and the
inclination of the surface were measured at the
end of shear. The elliptical surface was subse-
quently projected onto a horizontal plane to calcu-
late the corrected area at large strains (La Rochelle
et al, 1977). Because the cylindrical area correction
is typically used for specimens that fail along a
shear plane, the computed areas were compared
with areas corrected according to the cylindrical
area correction equation (a = 1 in equation 1). The
measured data and the calculated areas are tabu-
lated for nine specimens in Table D.2. It can be
seen that the percentage difference between areas
corrected using the cylindrical area correction and
the actual measured areas does not exceed 8 per-
cent. Therefore, the cylindrical area correction (a =
1) was adopted for correcting areas for specimens
that failed along a distinct shear plane.
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Figure D.10 Deformation patterns for triaxial specimens failing in bulging (Bulging zones are shown
between two marked horizontal lines for each specimen)
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Figure D.11 Deformation patterns for triaxial specimens failing in bulging {Bulging zones are shown
between two marked horizontal lines for each specimen)
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Figure D.12 Deformation patterns for triaxial specimens failing in bulging (Bulging zones are shown
between two marked horizontal lines for each specimen)

Table D.1  Area corrections for specimens failing in bulging

Test Final Initial Abuiging Abilging Aentire Aentire
Number Strain Area zone zone . lemgth length
(%) (in2) (in2) (in?)

$36.02 22 1.55 2.10 1.19 1.97 0.97
W62.03 20 1.61 2.22 1.37 2.10 1.16
§59.05 22 1.39 2.13 1.58 1.96 1.34
W45.02 21 1.47 205 135 1.87 1.01
Ww63.12 22 1.54 2.23 1.41 2.07 1.16
$54.03 22 1.47 2,22 1.53 2,08 1.32
§$55.08 21 1.34 2.15 1.79 1.97 1.48
$56.02 .21 1.54 ‘2.15 1.37 2.08 1.23
S$57.15 23 1.35 2.08 1.52 1.96 1.36
$65.02 22 1.59 224 1.32 1.59 2.19
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Table D.2  Area corrections for specimens failing along a shear plane

Test Major x Minor Inclination of Praojected Corrected Percentage

Number  Elliptical Diameters Sbear Plane Area Area (a=1) Difference
(incbes) (degrees) (in2) (in2) (%)
$58.34 2.0 x 1.60 55 1.49 1.44 3.4
C73.05 2.7 X 1.65 50 2.24 221 1.3
W64.30 2.1 x 1.85 50 196 2.00 2.0
C72.02 2.6 x 1.70 50 2.23 222 0.5
C74.16 2.5x1.70 50 2.14 2.23 4.2
C75.03 2.5x 1.70 51 2.10 : 2.19 4.3
C26.01 2.6 x 1.80 52 2.26 2.43 7.4
C27.05 2.5 x 1.70 45 2.36 2.44 3.4
C25.015 2.6 x 1.75 50 2.30 2.48 7.9
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APPENDIX E. SUMMARY OF FAILURES OF EMBANKMENTS
CONSTRUCTED OF PARIS AND BEAUMONT CLAYS

Thirty-four slope failures which occurred in em-
bankments constructed of Paris and Beaumont clays
are summarized in Tables E.1 and E.2, respectively.
Sixteen of the embankments were constructed of
Paris clay; eighteen were constructed of Beaumont
clay. The failures either were previously described
by Stauffer and Wright (1984) or were reported by
personnel from the Texas State Department of
Highways and Public Transportation (SDHPT). The
summary includes the location of the embankments,
age of the slope at failure, slope height, slope

inclination, and the height and depth of slide.
In addition, the back-calculated values of the pore
water pressure coefficients (r,) and heights of water
tables (H,), based on peak strength and large
strains failure envelopes for specimens subjected to
wetting and drying, are also listed for each slope.
The back-calculated values for ry and Hy, are listed
in pairs for each slope (separated by a comma),
with the first value corresponding to the peak
strength envelope and the second value corre-
sponding to the envelope for large strains.
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Table E.1

Summary of slope failures constructed of Paris clay

Embankment Slope | Slope Slope Height Depth Pore Height of
Slope Age Height Ratio | of Slide | of Slide | Pressure | Water Table
Location (vears) | (feet) | (cotp) | (feet) [ (feery [Coeflicient] —(rey)

Loop 286 @ T&P railroad 19 20.0 3.0 18 4.0 0.60, 046 | 20.0, 16.8
(Missouri Pacific)
SE Quadrant, Lamar Co.
Loop 286 @ SH 271 14 14.1 2.5 14.1 4.0 0.55, 0.41 13.7, 11.1
Interchange :
NW Quadrant, Lamar Co.
Loop 286 @ Missouri 18 27.0 2.9 15.0 8.0 0.54, 0.41 26.0, 21.0
Pacific) Railroad Overpass
SW Quadrant, Lamar Co. 18 29.6 2.8 26.2 6.0 0.52, 0.38 28.6, 22.0
(two slope failures)
Loop 286 @ Missouri 18 27.4 2.7 27.4 10.0 0.51, 0.37 25.4, 20.0
Pacific Railroad Overpass
NW Quadrant, Lamar Co.
Loop 286 @ FM 79 Pacific 19 239 2.3 239 4.0 0.44, 0.28 20.6, 15.2
SW Quadrant,
Lamar Co.
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Table E.1 (continued)

Summary of slope failures constructed of Paris clay

Embankment Slope | Slope Slope Height Depth Pore Height of
Slope Age Height Ratio | of Slide | of Slide Pressure | Water Table
Location (years) | (feet) | (cotP) | (feet) | (feety |Coefficient (feet)

SH 271 North, SE of the 18 21 2.8 18 6 0.57, 0.43 | 20.7, 18.0
Missouri Pacific Railroad
South Embank., Lamar Co.
Loop 286 & Still House 18 19 23 15 6 0.50, 0.32 169, 13.2
Railroad Overpass (North)
East Abutment, Lamar Co.
Loop 286 & Still House 18 22 3.0 17 5 0.50, 0.32 199, 16.2
Railroad Overpass (North)
West Abutment, Lamar Co.
Loop 286 & SH 271 18 16 2.7 12 4 0.59, 0.45 16.0, 12.5
NW Quadrant
Lamar Co.
Loop 286 & SH 271 18 14 32 10 2 0.57, 043 13.7, 11.0
Overpass (North)

East of Railroad, L.amar Co.
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Table E.1 (continued)

Summary of slope failures constructed of Paris clay

Embankment Slope Slope Slope Height Depth Pore Height of
Slope Age Height Ratio | of Slide | of Slide | Pressure | Water Table
Location (years) | (feet) | (cotP) (feet) (feet) |Cocfficient (feet)

SH 271 North, SE of the 19 16 2.7 12 4 0.55, 0.42 15.4, 11.7
Missouri Pacific Railroad
North Embank., Lamar Co.
SH 271 South, NW of the 19 19 2.3 18 6 0.50, 0.32 169, 13.2
Missouri Pacific Railroad : '
Lamar Co.
SH 271 South, SW of the 19 19 23 16 6 0.58, 0.45 19.0, 154
Missouri Pacific Railroad
Lamar Co.
SH 271 East, West of the 19 21 3.0 18 4 0.57, 043 20.7, 18.0
Missouri Pacific Railroad
Lamar Co.
SH 271 North, NW of the 19 16 2.7 11 4 0.60, 0.54 16.0, 15.1

Missouri Pacific Railroad

Lamar Co.
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Table E.2

Summary of slope failures constructed of Beaumont clay

Embankment Slope Slope Slope | Height Depth Pore Height of
Sloqe Age Height Ratio | of Slide | of Slide | Pressure | Water Table
Location (years) | (feet) | (cotp) | (feet) | (feety |Coefficient| — roeq)

IH 610 @ Scott Str. 17 19.0 2.5 17 3.5 0.51, 0.39 18.6, 17.5
NE Quadrant
Harris Co.
SH 225 @ SH 146 31 15.0 3.0 13.0 43 0.58, 0.52 15.0, 14.7
SW Quadrant
Harris Co.
SH 225 @ SH 146 31 17.6 3.1 14.0 24 0.60, 0.53 17.6, 17.5
NW Quadrant
Harris Co.
SH 225 @ SH 146 31 13.5 34 13.5 3.5 0.60, 0.58 13.5, 135
SE Quadrant
Harris Co.
SH 225 @ Southem Pacific 20 26.5 | 2.6 21.0 4.0 0.50, 0.41 25.5, 24.2
Railroad Overpass g '
SE Quadrant
Harris Co. 20 19.2 3.1 12.0 3.0 0.60, 0.53 19.2, 19.1
(two slope failures)
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Table E.2 (continued)

Summary of slope failures constructed of Beaumont clay

Embankment Slope | Slope Slope Height Depth Pore leight of
Slope Age Height Ratio | of Slide | of Slide | Pressure | Water Table
Location (years) | (feet) (cotP) (feet) (feet) Coefficient (feet)

SH 225 @ Southem Pacific 20 23,5 2.4 235 5.0 0.50, 0.39 22.5, 21.0
Railroad Overpass
SE Quadrant, Harris Co.
SH 225 @ Southemn Pacific 20 10.2 3.1 10.2 2.5 0.60, 0.55 10.2, 10.1
Railroad Overpass
NW Quadrant, Harris Co.
SH 225 @ Scarborough, 17 19.0 2.1 19.0 3.0 0.49, 0.32 17.6, 16.9
SE Quadrant, Harris Co.
IH 610 @ SH 225 19 17.4 2.7 12.0 2.0 0.54, 0.46 17.3, 16.3
SE Quadrant, Harris Co.
IH 610 @ Richmond Str. 18 25.7 2.7 22.0 5.0 0.54, 045 25.6, 23.8
SW Quadrant, Harris Co.
IH 10 @ Crosby-
Lynchburg NW Quadrant, 25 25.1 2.6 19.0 5.0 0.52, 043 24.7, 23.1

Harris Co.
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Table E.2 (continued)

Summary of slope failures constructed of Beaumont clay

Embankment Slope | Slope Slope Height Depth Pore Height of
Slope Age Height Ratio | of Slide | of Slide | Pressure | Water Table
Location (years) | (feet) | (cotP) (feet) (feet) |Coefficient (feet) .

IH45 @ SH 146 14 15.5 3.0 15.0 3.0 {058, 050 15.5, 15.3
SE Quadrant, Harris Co.
IH 45 @ SH 146 14 14.8 3.1 13.0 3.5 0.60, 0.51 14.8, 14.7
South Side, Harris Co.
IH 45 @ SH 146 12 17.2 2.5 15.0 2.5 0.50, 0.40 16.7, 159
NE Quadrant,Harris Co.
IH 610 @ College Str. 18 11.4 3.0 11.4 2.0 0.58, 0.49 114, 11.3
NE Quadrant, Harris Co. ‘
US 59 @ FM 525 24 16.4 24 16.4 3.0 0.49, 0.37 15.6, 14.9
NE Quadrant, Harris Co.
US 59 @ Shepard Str. 22 13.3 3.1 3.5 0.60, 0.51 13.3, 13.2

SE Quadrant, Harris Co.

13.3
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