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PREFACE

The investigation reported herein was conducted for the U. S. Army
Engineer Division, Lower Mississippi Valley (LMVD). The testing program
was authorized by LMVD-G letter dated 31 August 1972, subject: Status
of Soils and Pavements Laboratory projects for MRC and LMVD for FY T2
and proposed FY T73. The testing was performed at the U. S. Army Engi-
neer Waterways Experiment Station (WES) during the period January-July
1973 by personnel of the Soils and Pavements Laboratory (S&PL).

The study was conducted by Mr. R. T. Donaghe, Laboratory Research
Facility, Soil Mechanics Division, under the direct supervision of
Dr. F. C. Townsend, Chief, Soils Research Facility, and the general
supervision of Mr. C. L. McAnear, Chief, Soil Mechanics Division.

Mr. S. J. Johnson, Special Assistant to the Chief, S&PL, provided
technical advice. Messrs. J. P. Sale and R. G. Ahlvin were Chief and
Assistant Chief, respectively, of the S&PL. This report was prepared
by Mr. Donaghe and Dr. Townsend.

Directors of WES during the investigation were BG E. D. Peixotto,

CE, and COL G. H. Hilt, CE. Mr. %. R. Brown was Technical Director.
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT

U. S. customary units of measurement used in this report can be converted

to metric (SI) units as follows:

? Multiply By To Obtain
; inches 2.54 centimetres
% pounds (mass) 0.4535924 kilograms
pounds (force) per
square inch 689L. 757 pascals
pounds (mass) per

cubic foot 16.018L46 kilograms per cubic metre
gallons 3.785412 cubic decimetres
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EFFECTS OF ANISOTROPIC VERSUS ISOTROPIC CONSOLIDATION
IN CONSOLIDATED-UNDRAINED TRIAXIAL COMPRESSION
TESTS OF COHESIVE SOILS

PART I: INTRODUCTION

Background

1. Isotropic stress conditions are generally used in routine tri-
axial testing of naturally sedimented and compacted soils even though in
situ stress conditions are usually anisotropic. The reason generally
given for this testing inconsistency is that anisotropic consolidation
requires complicated procedures and extra periods of time. Additionally,
in the past it was thought that the angle of shearing resistance was not
significantly affected by the method of consolidation; however, recent
evidence indicates that this may not be the case for all soils. Also,
it has been pointed out that the stress-deformation characteristics of
anisotropically consolidated soils are very different from those deter-
mined on the same soil using isotropic consolidation. With the advent
of numerical techniques which rely on the stress-deformation properties,
it is becoming increasingly important that these properties be as repre-

sentative as possible of field conditions.

Previous Investigations

2. Early investigations by Rendulicl indicated that the change
in water content during consolidation and stress paths during shear are
the same in consolidated-undrained (CU)¥ tests performed on both iso-
tropically consolidated specimens (ICU tests) and anisotropically con-

solidated specimens (ACU tests), provided the vertical consolidation

*¥ For convenience, symbols and unusual abbreviations are listed and
defined in the Notation (Appendix C).




stress ;ic is the same in both cases. This theory was emphasized by
Taylor2 and later confirmed experimentally by Henkel.3 As a result of
this theory, Skempton and Bishoph assumed that the pore pressure param-
eter at failure Af and the effective angle of internal friction @'
are constant and are not influenced by the effective principal consolida-
tion stress ratio Kc , where Kc = géc/;ic and Eéc and Eic are the
lateral consolidation stress and vertical consolidation stress, respec-
tively. Later, Lowe and Karafaith5 and Bjerrum and Lo6 proposed semi-
analytical expressions for predicting ACU test results from tests using
ICU conditions during shear.

3. Studies by many investigators have both confirmed and denied
the conclusions of the earlier researchers. Most of the disagreement

7

appears to center around the hypothesis attributed to Rutledge, which

states that the water content after consolidation and the undrained
strength are independent of Kc ratios. Among investigations that
have tended to verify the Rutledge hypothesis are those conducted by

9 10

Broms and Ratnam,8 Henkel,” and Lee, all of whom based their conclu-

sions on tests of compacted soils having liquid limit (LL) values of
less than 50 percent. Henkel, however, in a later studyll stated that

the assumption of the uniqueness of the water content versus 01 Te-

lationship may not hold for all clays. Among studies that have not
verified the Rutledge hypothesis are those by Ladd,12 Whitman, Ladd, and

G and Khera and Krizek.l)4 Ladd12 performed ICU and ACU tests

DaCruz,
on six different clays (LL = 33-80), three of which were compacted and
the remainder undisturbed. He showed that @' based on maximum deviator
stresses (ol - cB)max , where 01 is the major principal stress and

03 is the lateral stress, is as much as L4 deg lower for ACU tests.

The differences averaged 4 deg for the undisturbed clays and less than

1 deg for the compacted soils, thereby indicating a possible effect due
to initial structure. This possibility is strengthened by the observa-

tion that the difference in @' at maximum obliquity (‘Ei/ES)max s

where Ul is the effective major principal stress and 33 is the
effective lateral stress, was less than 1 deg for all the soils tested.

Whitman, Ladd, and Da.Cruz13 tested a reconsolidated clay (LL = 63)

6




prepared by consolidating a slurry of the material in a large consoli~-
dometer. They observed that the ratio su/aic , where 5, is the un-
drained strength and olc is the maximum vertical consolidation pres-
sure may be independent of Kc when the specimen has been brought close
to failure during consolidation. They also noted that for a given value
of Eic , water contents were lower in ACU than in ICU tests. Khera and
Krizeklh obtained similar results in tests performed on a clay (LL = 55)
prepared for testing by passing premoistened soil through a sample ex-
truder. Their tests showed that apart from its dependence on Kc , the
su/olc ratio for anisotropically consolidated specimens was also a func-
tion of the rate of strain during shear. Higher values of su/olc were
determined for lower Kc values when the rate of strain was increased.
4. Test data developed in all but one of the investigations
(Khera and Krizeklh) indicated that pore pressure parameters at failure
Af and axial strain values at failure were lower for ACU than for ICU
test specimens. Khera and Krizeklh found that the axial strain at
failure was insensitive to the method of consolidation. Interestingly,
they stated that the soill structure imparted by forcing soil through
an extruder resulted in the clay particles aligning themselves with
their long axes parallel to the direction of the ;ic stress, a condi-
tion opposite that in naturally consolidated clays. This once again
suggests a possible effect due to structure. Unfortunately, all of the
investigators practically ignored the influence of Kc on stress-
deformation characteristics during shear. Also, previous investigations
have not shown effects of stress history and anisotropy due to in situ

consolidation stresses on results of tests in which KC was varied.

Purpose and Scope

5. The purpose of this investigation is to provide additional

T and

information concerning the adequacy of the Rutledge hypothesis
also to provide stress-deformation data for use in determining the
applicability of existing mathematical models used by various computer

codes to predict stress-deformation characteristics. These objectives

)
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were accomplished by performing CU triaxial compression tests with pore
pressure measurements on specimens of twe clays which were consolidated
both isotropically and anisotropically prior to shear in such & manner
that undrained shear strength and corresponding deformation character-
istics could be developed in both the normally consolidated and over-
consolidated ranges. In addition, tests were performed to determine
effects due to strain rate and end restraint on strength and deformation
characteristics of both ACU and ICU test specimens. In order to simu-
late the response of naturally sedimented and consolidated materials

and to provide test specimens as nearly identical as possible, the soils
used in the investigation were prepared in large consolidometers.
Samples prepared in this manner have a known vertical stress-strain
history from the slurry condition to the final consolidation pressure.
The data developed in the investigation were analyzed, and significant

differences concerning the effects of anisotropic consolidation were

reported.




PART II: MATFRIALS, TESTING PROGRAM, TESTING EQUIPMENT,
SAMPLE PREPARATION, AND PROCEDURES

Description of Soil

6. The two soils tested in this investigation were Vicksburg
Buckshot clay and a clay prepared from undisturbed samples taken from
Test Section III of the East Atchafalaya Basin Protection Levee (EABPL)
test area. The Vicksburg Buckshot clay was originally taken from a
typical backswamp deposit in the lower Mississippi Valley and processed
for use in a previous testing program. Prior to use in this investiga-
tion, it was air-dried, crushed, screened through a 1/4-in.* screen,
and then ground in a coffee grinder. The EABPL clay consisted of a mix-
ture of portions of undisturbed samples 22B, 22C, 23B, and 23C from
boring 85-BUE, located at sta 1396+25 on the center line of the test
section. This material was also taken from a backswamp deposit and was
essentially an inorganic clay containing pieces of wood and sandy and
silty seams. The wood and silty and sandy seams were discarded prior to
the time the material was used in the investigation. Results of clas-
sification tests performed on reconsolidated samples of the two clays

are as follows:

Vicksburg
Characteristic Buckshot Clay EABPL Clay
Liquid limit _ 5if T9
Plastic limit 21 26
Plasticity index 36 53
Specific gravity of solids 2.69 2.72

Testing Program

T. To determine the effect of the effective principal consolida-

tion stress ratio Kc on the stress-deformation properties of clays,

* A table of factors for converting U. S. customary units of measure-
ment to metric (SI) units is presented on page k.
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CU triaxial compression tests were to be performed on l.4-in.-diam by
3-in.-high specimens of the two clays using standard end platens. Speci-
mens of the clays were to be trimmed from samples consolidated from a
slurry in 8-in.-diam consolidometers under a maximum vertical consolida-
tion stress Eic of 3.0 kg/cm2 and then reconsolidated both isotrop-
ically and anisotropically prior to shear under effective major principal
stresses ;ic of 0.5, 1.5, 3.0, and 6.0 kg/cm2. Effective principal
stress ratios Kc were to be 1, 0.67, and 0.5. 'Thus, for each soil,
four tests were to be performed on isotropically consclidated specimens
and eight tests were to be on anisotropically consclidated specimens

8. 1In addition to the tests described in the preceding paragraph,
several CU tests were to be performed on both isotropically and aniso-
tropically consolidated specimens of the Buckshot clay to determine
effects due to varying the rate of strain and the degree of end re-
straint. The effective major principal consolidation stresses glc
for these tests were to be 0.5 and 6.0 kg/cm2, with specimens consoli-
dated using Kc ratios of 1 and 0.5. Four tests using a tenfold in-
crease in rate of strain and four tests using low-friction caps and
bases were to be performed. Specimens tested using low-friction caps
and bases were to be 1.5 in. high so that buckling during consolidation
and shear could be avoided.

9. Finally, it was proposed that four specimens of the EABPL
clay consolidated under Ko conditions (no lateral strain) be studied
in CU triaxial tests, in which % stresses were to be the same as
those used for the initial part of the testing program, i.e. 0.5, 1.5,
3.0, and 6.0 kg/cme. Results of these tests would be correlated with
those obtained for specimens consolidated under a constant effective
major principal stress ratio. The total proposed testing program is
outlined in Table 1.* Testing was initiated on 17 January and completed

in the first week of July 1973.

* Several changes (i.e., additional tests performed using slower rates
of strain and several tests performed on 3.5-in.-high specimens) were
made in the testing program as testing progressed. These changes and
the reasons for them are noted in the discussion of test results.

10
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Description of Equipment

10. A schematic diagram and a photograph of the testing apparatus
used for anisotropically consolidating and shearing specimens are shown
in Figures la and lb, respectively. The testing apparatus for iso-
tropically consolidating and shearing specimens (Figure 2) is the same
as that shown in Figures la and 1b except for the lack of a pneumatic
stress cell, which is not needed in isotropically consolidating and
shearing specimens. The triaxial testing facility is shown in Fig-
ure 3. Triaxial chambers utilizing rolling diaphragms as piston seals
were used to minimize piston friction. Chamber and back pressures
were applied using compressed air controlled by pneumatic pressure
regulators. The pneumatic cells used to apply Eic stresses during
anisotropic consolidation were also pressurized with compressed air
controlled by pneumatic pressure regulators. All pneumatic pressures
were measured with Bourdon tube gages. Pore water pressures were mea-
sured with electronic pressure transducers. The force applied to the
piston was measured using an electronic load cell. Transducers, load
cells, and gages were calibrated so that all pressures and stresses
were accurate to 0.02 kg/cmz. Changes in height of the specimen were
measured during consolidation with a dial indicator reading 0.01 mm per
division and during shear with a displacement potentiometer calibrated
to the nearest 0.001 in. During shear, the load cell, pore pressure
transducer, and displacement potentiometer readings were automatically
plotted by an x-y-y recorder. De-aired distilled water was used to
saturate the specimen and also for the chamber fluid. The volume of
water entering and leaving the specimen during saturation and consoli-
dation was measured using glass burettes reading 0.1 cc per division.
The enlarged caps and bases utilized for the tests performed with low
end restraint had completely plane, highly polished bearing surfaces.*

Low friction was provided by a thin layer of high-vacuum silicone

*¥ Caps and bases normally used in CU triaxial tests in the Soils Re=-
search Facility are separated from the specimen by a l.4-in.-aiam by
1/8-in.-thick disk of sintered stainless steel.

11
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Figure 1.

FLUID RESERVOIR

a. Schematic drawing
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b. Photograph

Testing apparatus used for anisotropically consolidating and
shearing specimens




Figure 2. Testing apparatus
for isotropically consolidating
and shearing specimens. Speci-
men 1.5 in. high being tested

using low-friction cap and base
3 }
: *r N
3 . . . . .
Figure 3. Triaxial testing facility
‘
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grease and a thin Teflon disk which separated the ends of the specimen
from the bearing surfaces. The bases had drainage ports in their sides,
over which filter strips made from Whatman No. 1 chromotography paper
and extending from the perimeter of the specimen were placed. In each
test, filter strips were evenly spaced around the perimeter and extended
over the total height of the specimen. Fifty percent of the specimen

circumference was covered by the strips.

Sample Preparation

Slurry consolidometers

11. The test specimens were trimmed from samples consolidated
from a slurry in 8-in.-diam consolidometers under a maximum vertical con-
solidation stress of 3.0 kg/cme. The consolidometers were designed and
fabricated at Northwestern University, Evanston, Illinois. As shown in
, Figure 4, the consolidometer is |

essentially a large vertical steel |
DIAL INDICATOR

tube sealed at both ends. A pis-

ton having a cross-sectional area

_E— PORE WATER

DRAINAGE LINE

the same as that of the inside of
LOADING PRESSURE

the tube is forced against the ]

slurry by air pressure acting in
the portion of the tube above the
piston. Drainage of pore water

from the slurry is provided by

porous stones located in the lower
face of the piston and the upper 3
face of the bottom seal of the

tube. The inside surface of the

NN 2N tube is coated with Teflon to re-~

et o
Z?“4Z¢&24%2”“% duce the effects of friction be-

SPACE FOR
EXTRUDING
SAMPLE

tween the side of the piston and
the wall of the tube. Slurries

PORE WATER
PORE WATER DRAINAGE LINE
PRESSURE

TRANSDUCER
may be consolidated using a con-

s————— =
A A

stant pore pressure gradient by
Figure 4. Slurry consolidometer




closing the valve on the bottom pore water drainage line and using a
servovalve, which automatically opens to increase the pressure acting
on the piston when the pore pressure at the bottom of the slurry falls
below a preset value and which closes automatically when the pore pres-
sure is increased beyond a preset value. Drainage in this case is from
the top of the sample only. Suggested operational procedures for the
consolidometers are given in Reference 15. 2

Slurry preparation and placement

12. The three Buckshot slurries were prepared by sifting pre-
determined amounts of air-dried soil through a No. 60 sieve into con-
tainers containing preweighed amounts of boiling, de-aired, deminera-
lized water. Boiling, de-aired water was used to keep the amount of
air in the slurry at a minimum during the preparation procedure.

Amounts of air-dried soil were computed by assuming a final consoli-
dated sample height of 5 in. and estimating the sample density after
consolidation. The weight of water was determined by assuming a final
slurry water content of 1.5 times the LL. The mixture of soil and water
was continually stirred during the process of adding soil. The amounts
of time spent preparing the slurries ranged from 3 to 5 hr.

13. The EABPL slurry was prepared by blending batches of undis-
turbed soil with de-aired, demineralized water in a l-gal-capacity,
heavy-duty blender. The blender was filled to approximately one-third
of its capacity with soil at its natural water content, and water was
added until the water content of the resulting soil-water mixture was
1.5 times the LL of the soil. Each mixture of soil and water was
blended for a period of 3 min and then emptied into a large container.
This procedure was repeated until a quantity of slurry sufficient for 3
two consolidated samples was prepared. As in the preparation of the
Buckshot slurries, computations for the proper amount of soil were

based on a final consolidated sample height of 5 in. and an estimate

of the csample density after consolidation. The total slurry was thor-
oughly mixed prior to being placed in the consolidometers.

14. The slurries of both materials were placed in the consoli-

dometers by drawing them under vacuum from their containers through




a 1/2-in.-ID nylon tube passing from the container to the evacuated con-
solidometer. The tubing was forced through a hole in a rubber stopper
placed in the piston opening located in the upper end plate of the con-
solidometer. The vacuum in the consolidometer also allowed placement of
the slurries under almost completely de-aired conditions, and as can be
seen from the initial specimen conditions given in Table 2, it assured
high saturation values for the consolidated samples.

15. After placement of the slurry was completed, the upper end
plate was removed, and the piston was placed in the consolidometer.
Then the upper end plate was replaced, and loading was initiated. The
first slurry of each material was consolidated using the controlled pore
pressure gradient method mentioned in paragraph 11. Based on the rate
of loading of these samples, a procedure for manually loading the re-
maining samples was developed so that the total time of consolidation
could be decreased. (During manual loading the sample may be drained
from both top and bottom as opposed to drainage from the top only when
the controlled pore pressure gradient procedure is used.) Using manual
loading, the total time of consolidation averaged 2-1/2 months for both
materials. All samples were rebounded in at least three stages and al-
lowed to come to equilibrium under a no-load condition prior to being
removed from the consolidometer. After being removed from the consoli-
dometers, the samples were covered with several layers of paraffin and
then stored in a humid room. Examples of water content distributions and
of void ratio and pressure versus elapsed time relationships are given
in Figures 5 and 6, respectively. Additional information on methods of
slurry preparation and characteristics of samples consolidated in the
consolidometer are discussed in Reference 1T.

Triaxial specimen preparation

16. Individual test specimens were trimmed from the samples so
that the vertical axes of the specimens were parallel to that of the
sample. To avoid effects due to friction between the side of the
piston and the wall of the tube, specimens were trimmed to no closer
than 1/2 in. from the edge of the sample. Each specimen was weighed

immediately after trimming and then placed on a saturated porous stone

16
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on the base of the triaxial device. A moistened filter strip cage was
placed around the specimen, and after placement of the upper porous

stone and cap, the specimen was encased in two standard 0.012-in.-thick ,
rubber membranes. The membranes were sealed at the cap and base using ;

two O-rings at each end.

Testing Procedures

Saturation

17. Back pressure was used to ensure complete saturation of the

specimens and the pore pressure measurement systems. All specimens
were subjected to a differential pressure (chamber pressure minus back
pressure) of 0.25 kg/cme, with the final chamber pressure being

4.50 kg/cmg. Since the specimens were essentally 100 percent saturated
prior to testing, the back pressure was primarily used to saturate the
pore pressure measurement systems. Access to water at the bottom of
the specimens was provided immediately upon application of these pres-
sures, and after burette readings indicated that equilibrium had been
reached (in all cases after an overnight period), the pore pressure
parameter B was measured by closing the valve to the bottom of the
specimen and increasing the chamber pressure by 0.25 kg/cmg. in all
cases except those for the tests performed using low-friction caps and
bases, which will be discussed later in this report, the pore pressure
response was immediate and equal to the increase in chamber pressure.
Consolidation was then initiated.

Isotropic consolidation

18. ICU test specimens were consolidated by increasing the cham-

ber pressure to the desired effective consolidation stress and then
opening the valve to the bottom of the specimen, thus allowing water
from the specimen to enter the burette. Burette readings were taken at 3
time intervals so that a semilogarithmic plot of the volume of water
draining from the specimen versus time could be made. Each specimen
was allowed to consolidate for at least 24 hr after completion of

primary consolidation. After the burette readings indicated that an

18
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equilibrium condition had been achieved, the valve to the bottom of the
specimem was closed and the vertical height indicator was read. Shear
was then initiated.

Anisotropic consolidation

19. ACU test specimens were consolidated by almost simulta-
neously increasing the major and minor principal stresses in small in-
crements using the desired Kc ratio. The major principal stress
(applied using the pneumatic stress cell) was increased in 0.50—kg/cm2
increments, while the lateral stress (chamber pressure) was increased
in increments dictated by the desired effective consolidation stress
ratio. Sufficient time (usually 8 hr) was allowed between increments
to complete primary consolidation. Immediately after each increase in
stress, the valve to the bottom of the specimen was opened to allow
water to enter the burette. The burette and vertical dial readings
were plotted versus the logarithm of time so that the time for comple-
tion of consolidation could be determined. The longest time required
to consolidate an ACU test specimen was 14 days for the Buckshot clay

consolidated under Kc =0.5 to o, = 6.0 kg/cme, while 4 days was

Ie
required to consolidate the ICU specimen of the same material to

Eic = 6.0 kg/cme. After each specimen was consolidated for a suffic-
ient time (at least 48 hr) under the desired total stress level, the

valve to the bottom of the specimen was closed and shear was initiated.

Ko consolidation

20. Specimens of the EABPL clay were consolidated under Ko
conditions (no lateral strain) by increasing the major and minor princi-
pal stresses almost simultaneously. This was accomplished by using an
estimated Kc ratio and then adjusting the Eéc value so that the
change in volume as indicated by burette readings was equal to the prod-
uct of the change in height indicated by the dial indicator and the orig-

inal specimen cross-sectional area. The major principal consolidation

stress olc was increased in O.So-kg/cm2 increments. Sufficient time

was allowed between increments to complete primary consolidation. Upon

completion of consolidation under the total desired % e value, un-

drained shear was initiated.
19




Shear
21. Upon completion of consolidation, specimens were axially

g loaded at a constant rate of strain. When the specimen had been de-
formed to 20 percent axial strain or when the limit of the piston travel
had been reached, the test was stopped and the chamber pressure was re-
moved, with the valve to the bottom of the specimen remaining closed.
The chamber was then quickly moved to the humid room where the drainage
line to the bottom of the specimen was removed. The membranes covering
i the specimen were removed, and the specimen was cut into five horizon-
tal slices. Water contents of the slices were then determined. The
zero readings of the load cell and transducer were checked at the end

of the test.

20 E




PART III: TEST RESULTS AND ANALYSIS

22. Results of the 41 CU triaxial tests performed on the two
soils are summarized in Tables 2 and 3 and presented graphically in Fig-
ures T-78. The tests are grouped in the tables and figures according
to major principal consolidation stress Eic . Tests 1-22 were per-
formed on specimens of Vicksburg Buckshot cley, and tests 22-41 were
performed on specimens of the EABPL clay. The results are discussed

under the following headings:

a. Specimen properties.

b. Deviator stresses.

¢. Induced pore pressures.

d. Effective stresses.

e. Strength envelopes.

f. Hyperbolic stress-strain behavior.

Specimen Properties

Initially
23. The homogeneity of the consolidated slurries is reflected

by the data indicating initial specimen conditions (Tables 2 and 3).
Water contents of the Buckshot specimens ranged from 31.8 to 33.5 and
avernged 32.5 percent. Water contents of the EABPL clay varied from
L46.1 to 48.2 and averaged L47.3 percent. Dry unit weights of the Buck-
shot specimens ranged from 88.4 to 90.7T and averaged 90.1 pcf. Those
of the EABPL specimens varied from 72.9 to 75.1 and averaged 73.8 pcf.

Volume changes during consolidation

24. Consolidation data given in Tables 2 and 3* indicate that
the Ké ratios significantly affected the volume change characteris-
tics of both soils. As can be seen in Figures T7-10, the change in

volume during consolidation, i.e., the reduction in volume, of ACU test

* Tests 30, 32, and 34 were performed on 3.5-in.-high specimens after
previous tests on standard 3.0-in.-high specimens indicated height-
diameter ratios after consolidation of considerably less than 2:1.

2L
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specimens (Kc = 0.67 and Kc = 0.5) was significantly less than that for

ICU test specimens (KC = 1) consolidated under the same 0,, value. In

other words, the water content of ACU specimens is higher than that for
ICU specimens consolidated under the same Gic value. The following
tabulation shows the extent of the reduction in volume, expressed as a

percentage of that occurring under ICU test conditions, as %e

stresses were varied from 0.5 to 6.0 kg/cmz.

- AV - AV AV
o K =1 K K =1
e c e c
2 K
kg/cm c %

Buckshot Clay

0.5-6.0 0.67 Lh-13
0.5-6.0 255 80-1k
EABPL Clay
0.5-6.0 0.67 hO-lO*
0.5-6.0 0.5 60-""
Note: AVK =1 = change in volume due to isotropic
c
consolidation and AVK = change in volume

o
due to anisotropic consolidation.

* Tests at K. =1 with o, = L.8 kg/en® were
not performed. %

Since the larger percentages given in the preceding tabulation repre-
sent the most reduction relative to ICU conditions, it is apparent
that as far as volume-change characteristics are concerned, effects
due to anisotropic consolidation were less significant at the higher
stress levels. It would appear that Rutledge's hypothesi57 would be
reasonably valid for normally consolidated specimens of these soils;

however, the change in volume during consolidation versus 0. curves

shown in Figures T and 8 still indicate a separate relationship for

each Kc value used in the range of the higher stress levels (a single
il

curve would represent the data if Rutledge's hypothesis' were valid).

25. The effective consolidation stress versus volume change

2k




relationship appears to be better represented by the relationship be-
tween the mean effective consolidation stress (5' ) (i.e. (o, +
oct/a le

0, + 0, C)/3 , where o, is the intermediate principal consolida-

2c 3 2
tion stress) and volume change during consolidation depicted in Fig-
ures 9 and 10. Whitman, Ladd, and DaCruzl3 have demonstrated that
plots of (E;ct) versus water content provide a better relationship

(5 =

than do plots of o versus water content, and this is consistent

Fe
with elastic theory in which volumetric strain in the general case is

expressed as a function of ol + 9, + 33 , Where Gi is the major

principal stress and Eé and Eé are the intermediate and minor
principal stresses, respectively. Nevertheless, these curves (Figures
9 and 10) do diverge slightly at the higher stress levels, probably

due to additional voliume changes occurring as a result of the higher
deviator stresses acting during anisotropic consolidation at these
stress levels.

26. While these data suggest that Rutledge's empirical observa-
tions7 are valid for practical purposes as far as normally consolidated
specimens are concerned, it should nevertheless be recognized that an
identical water content or change in volume for ICU and ACU specimens
can occur only under special conditions. In this context, volumetric
strain during anisotropic consolidation can be expressed as a function

of the mean effective consolidation stress and deviator stress (due to

K, ratio) during consolidation (References 18 and 19) or as:

AV (= —
T a(ooct) * B(Toct) (1)
c c
where
AV = change in volume
V = volume
o = parameter of volumetric strain due to (3' )
oct

) : 3 . c
(ooct) = mean effective consolidation stress
(o]

B = parameter of volumetric strain due to (Toct)

(?;ct) = mean shear stress during consolidation
e

25
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In the case of isotropic consolidation, no deviatoric, i.e. shear,

stresses are acting and (Toct) equals zero; hence,
c

% i a(goct)c (2)

Therefore, the divergence of the relationships presented in Figures 9
and 10 at the higher stress levels may be attributed to the additional
volume changes occurring as a result of the higher deviator stresses

acting during anisotropic consolidation.

Ko characteristics

:

2. PBlats of ;ic versus specimen cross-sectional areas after
consolidation are given in Figures 11 and 12. The areas were computed
by dividing the change in volume during consolidation by the change in
height. Figure 11 shows that the Kc ratios used in tests performed on
the Buckshot clay using standard end platens were not sufficient to en-
compass Ko conditions (no change in specimen cross-sectional area).
The Ko value for this soil based on results determined using standard
end platens is apparently less than 0.5. The same relationship for the
EABPL clay given in Figure 12 shows that the Ko values for this soil
are between 0.5 and 0.67. Figure 13 gives the relationships between
Kc and specimen cross-sectional areas after consolidation for the
EABPL clay. By plotting Kc values at points where the curves cross
the line representing the specimen cross-sectional area prior to con-
solidation Ao versus the corresponding o

Jc
may be obtained. This relationship is given in

values, a relationship

between K and o©
[¢] Le

Figure 14. Included in the same figure are Ko values determined by

the tests performed on specimens consolidated to the same olc value

but with Kc being varied throughout the consolidation phase to main-
tain the initial specimen cross-sectional area. As can be seen in this
figure, these relationships are practically identical, thus suggesting

that Ko values may be determined from tests in which Kc ratios are

maintained constant and olc values are varied.

28. As a matter of interest, Kb values computed from effective

26
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" strength parameters based on nor-
A mally consolidated specimens
7 39
,,’ %3 (given later in this report) em-
N ,’%=¢HMAM“ ploying the commonly used empir-
o /
g £ ical correlation derived by
= 2
3 Jaky 0 (K =1 - sin §') are:
3o L o]
g e = 0.5KG/CM? KO
L e Normally consolidated
g Buckshot clay 0.55
z _ : Normally consolidated
= = J.OKG/CM
5 EABPL clay 0.64
3 LEGEND |
w e R Tl The value computed for normally
B T L | T T ,
z KG/CM consolidated EABPL clay is equal
Than s
& 3o 057 0.57 to the value developed by the
Gy 8.0 (0.84)% 0.64
e e Ko test in the normally consoli-
BESIDE POINTS — 2
dated range (olc = 6.0 kg/cm”).
3 { Water contents after shear
o EFFECTIVE PRINCIPAL consg.:ronlon STRESS RATIO K, = 29. Plots of the final

5 . 3 water contents of specimens of
Figure 13. Specimen cross-sectional E

area after consolidation versus ef- both soils versus olc and
fective principal consolidation -y velues are given in
stress ratio for EABPL clay oct)c
Figures 15-18. These plots, of

course, reflect essentially the same information as that noted for plots
of volume change during consolidation versus Eic and (E;ct)c given

in Figures T7-10 since the final water content of a CU specimen is a
function of the change in volume during consolidation. Final water con-
tents of ACU specimens of Buckshot clay with Kc = 0.5 ranged from 0.1
to 1.9 percent higher than did ICU specimens having the same %e values.
For the EABPL clay, the water contents after consolidation ranged from
0.6 to 1.7 percent higher than those for the Buckshot clay for the same
conditions. In both cases the greatest difference in water contents

occurred for _.c = 3.0 kg/cme. Final water contents of ACU specimens

1
having Kc = 0.5 and ©

. 6.0 kg/cm2 were closer to those of the

corresponding ICU specimens, probably because deviator stresses acting |

28
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Figure 1k. Ko versus major principal consolidation stress for
EABPL clay
during consolidation produced significant volume changes.

30. The distributions of final water content within the speci-
mens are given in Tables 4 and 5, and the difference between the water
content of the center slice and the water content of the three middle
slices as related to Kc values is given in Figures 19 and 20. It
was anticipated that if Kc ratios had a significant effect on soil
structure (and thus the shear strength), the effect would be apparent
by consistent differences in water content distributions within the
specimens after testing. However, as can be seen in the tables and
figures, there is no discernable pattern of variation. This should
have been expected since there were significant differences in the
specimen conditions (water content, mean effective stress, etc.) after

consolidation for each Eic value.
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Effects of strain rate on
final water content distribution

31. In order to determine strain rate effects during shear, tests

were performed on specimens of Buckshot clay consolidated using K

c
ratios of 1.0 and 0.5 with % values of 0.5 and 6.0 kg/cmg. Rates of
strain were 0.6 and 0.06 percent per minute for tests at ;ic a5 kg/cm2
and 0.6, 0.06, and 0.012 percent per minute for tests at Eic = 6.0 kg/cmz.

Tests performed using the 0.012 percent per minute strain rate were added
to the original testing program after it was determined that times to
failure using the standard 0.06 percent per minute rate were too short.
Final water content distributions and failure sketches of the specimens

with e ™ 6.0 kg/cm2 are given in Figure 21. The final water content
distributions indicate that at least during the latter stages of shear,
pore water generally migrated toward the center of the specimen for both
ICU and ACU test specimens. The effect of strain rate on pore water
migration can be seen in Figure 22, which shows a plot of the difference
between the water content of the center slice and the water content of
the middle three slices versus the elapsed time of undrained shear.
These curves show that the water content of the center portion of both
ICU and ACU specimens increased as the time of shear increased. A
possible explanation for this behavior can be seen in the failure
sketches in Figure 21. All of these specimens failed by bulging; how-
ever, the bulging became more localized toward the center and bottom

as the time of shear was increased. This is seen mainly as an effect of
end restraint, since as the time of shear is increased, pore pressure
gradients within the specimens dissipate and shear strains become more
concentrated in the middle portion of the specimens. The increased
shear deformation in this part of the specimens probably altered the
soil structure sufficiently to cause an increase in void ratio at large
strains. It is of interest to note that strain rate effects were not as
significant for the ACU as for the ICU specimens in that the water con-
tent distributions for the ACU specimens (shown in Figure 21) generally
indicate less variation in final water content. Also, the difference

between the water content of the center slice and that of the three
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middle slices as related to the elapsed times of shear given for ACU
specimens shows that the change in volume occurring in the zone of max-
imum shear deformation was less for ACU than for ICU specimens. This
is further evidence which suggests effects due to the structure im-
parted by stress conditions during consolidation.

Modes of failure

32. All of the specimens, with the exception of those tested §
using low-friction caps and bases, failed by bulging; however, in many
cases the bulging was localized in either the center or top or bottom
portions. Localized bulging occurred most often for specimens con-
solidated under low stress levels (overconsolidated specimens). At
)c < 1.6 kgfen , btk TCU sud ACD épepi-

o
oct
mens of the Buckshot clay bulged excessively in either the top or bot-

low stress levels, i.e. (

tom portions. At the same low stress levels, ACU specimens of the EABPL
clay bulged excessively in their center portions, and ICU specimens
bulged uniformly. Localized bulging of specimens of both clays con- k
solidated at higher stress levels occurred only in tests having

Kc = 0.67 , and in tests performed at slow rates of strain. The local-
ized bulging occurred in only the central portions of these specimens.
It is thought that the localized bulging is a function of the boundary
conditions at the tops and bottoms of the specimens. In the case of
specimens of the Buckshot clay tested at low stress levels, it could

be possible that the coefficient of friction of soil on the rather

smooth surface of the porous sintered steel disk was less than the

ddaac

tangent of the angle of internal friction @' of the overconsolidated
soil, in which case movement of the soil relative to either the top
or bottom disk might have caused localized bulging and failure in the
portion of the specimen closest to the movement. As for the excessive
bulging in the middle portions of the anisotropically consolidated
EABPL specimens tested at low stress levels, pore pressure gradients
within these relatively weak specimens would probably not be too high
during consolidation, and significant shear strains due to the aniso-
tropic stress conditions could have been concentrated in the center

portion of the specimens in somewhat the same manner as that described
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for tests performed at slow rates of strain. Shear deformation during
undrained shear would then tend to be confined to the middle portion |
of the specimens since this portion, having already undergone signifi-

cant shear strains, would be somewhat weaker. Localized bulging during

undrained shear at the higher stress levels with Kc = 0.67 was also

probably due to excessive shear deformation in the middle portions of

the specimens during consolidation. A possible explanation for non-

localized bulging of specimens of both soils consolidated at higher

stress levels with KC = 0.5 may be that this value was close to the

KO value for the Buckshot clay (see Figure 11), and nonuniform shear

strains should not occur under these conditions since there is no lat-

eral strain. In the case of the EABPL clay, consolidation using

Kc = 0.5 resulted in near-failure conditions, and pore pressure gra-

dients probably were not dissipated quickly enough to concentrate shear

strains in the central portions of the specimens as they deformed.

33. Specimens of both clays tested using low-friction caps and
bases deformed cylindrically or expanded at one end more than at the
other during undrained shear.

34. When the water content distributions and failure conditions
described in the above paragraphs are examined, it should be noted that
these are final specimen conditions and may not be indicative of con-
ditions during the initial stages of shear. Also, it should be noted
that the possibility of nonuniform conditions in samples from which the
specimens were trimmed would affect the final water content distribu-
tion. Finally, it is possible that removing the failed specimen from
the chamber and slicing it into secticns altered the results of the
comparison between the water content distributions and the end-of-shear

condition.

Deviator Stresses

Effect of Kc

35. ©Stress-strain curves. Stress-strain curves for both clays

showing the effects of varying KC ratios while maintaining %
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stresses are given in Figures 23 and 24. Also included in Figure 2k
are stress-strain curves for the KO tests performed on the EABPL clay.
These relationships were developed from results of tests performed
using the slowest rates of strain so that effects due to strain rate
could be minimized.* Cross-sectional areas used to compute the
stresses were corrected for localized bulging according to the proce-
dure outlined in Appendix A. As can be seen in Figures 23 and 2.,
maximum deviator stresses and the axial strain values at which they
developed generally decreased with decreasing values of KC for

olc stresses less than 3.0 kg/cme. For Eic stresses equal to and
greater than 3.0 kg/cm2,** axial strain values at which maximum devia-
tor stresses developed were also less for ACU (Kc < 1) than for ICU
specimens; however, the maximum deviator stresses for Kc = 0.5 were
slightly higher than those developed for K = OLIET &

36. Reductions in maximum deviator stresses. Reductions in

maximum deviator stress occurring as Kc was varied for each 9

value are given in the following tabulation:

Percent Reduction in (ol = 03)
max

Nalue oF at Indicated Values of K
(cl - 03) at C
max -, Between K, =1 Between Ko = 1
%0 ) kg/cm Kc =Sl g fcm and Kc =06 and Kc =1 0.5
Buckshot Clay
0.5 1.25 el 4.8
a5 1.68 5.k 6.6
3.0 2.41 12.9 12.0
6.0 L.02 9.0 i 2

(Continued)

¥ A discussion of methods for comparing ACU and ICU test results is
given later in the report (paragraph 54). It should be pointed out
at this time, however, that the conclusions may have been somewhat
altered if results had been compared on the basis of equivalent
strain rates. o 5

®*% A test of the EABPL clay at o0;, = 6.0 kg/cm~ with K, = 0.5 was

not performed since the axial strain during consolidation would have

exceeded the available piston travel of the testing apparatus.
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Percent Reduction in (Ol - 03)

Value of at Indicated Values of K Hax

(01 ~ 03) at c
= 5 max Between K, =1 Between K, =1
o . kg/cm K.=1, kg/cm and K, = 0.67 and K, = 0.5

EABPL Clay

(31557 0.80 15.0 15.6

305 1.29 11.6 124

3.0 1.91 12.6 11.0

6.0 3.38 8.6 e

*¥ Test not performed.
The reductions in maximum deviator stress based on the greatest differ-

ence in maximum deviator stress occurring as Kc was varied for each

%c value ranged from 3 to 13 percent for the Buckshot clay and from

9 to 15 percent for the EABPL clay. The maximum reduction for the Buck-
shot clay occurred at G.C = 3.0 kg/cm2 with K, = 0.67 . In the case

1
of the EABPL clay, the maximum reduction occurred at ST 0.5 kg/cm2
with Kc = 0.5 . For both clays the reduction in maximum deviator

stress for normally consolidated specimens (Eic =15./0 kg/cmz) was not
as great as that for overconsolidated specimens.

37. Reductions in axial strain values at (ol - OQ . The
max

reductions in axial strain values at which maximum deviator stresses

were developed as Kc was varied for a given olc value ranged from
33 to 98 percent for the Buckshot clay and from 17 to 95 percent for

the EABPL clay, with the greatest reductions occurring at the higher
12
)

Gic values with Kc = 0.5 . Other investigators (Lee10 and Ladd
have observed similar reductions in axial strain to failure with de-
creasing Kc ratios. The increase in brittleness resulting from
anisotropic consolidation is illustrated by the curves shown in Fig-
ures 25 and 26, which represent the relationship between the axial
strain occurring during consolidation and that occurring during un-
drained shear for ICU and ACU specimens of both clays. The introduc-

tion of a deviator stress acting during consolidation produced an

Lo
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AXIAL STRAIN AT (0) - 03)yax, Yo

Figure 25. Axial strain at (ol - 03)
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AXIAL STRAIN PRIOR TO UNDRAINED SHEAR, %o

max

versus axial strain prior to
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increase in axial strain during consolidation and a significant de-
crease in axial strain during undrained shear. It is of interest to
note that there is relatively little effect on the axial strain at

(ol - 03> due to anisotropic consolidation for . values greater

le
ma
than 3.0 kg}cm2. The curve for specimens of the EABPL clay consolidated

under K = conditions (Figure 26) shows an increase in brittleness for

9. values ranging from 0.5 to 3.0 kg/cm2 and a more plastic behavior

for the ;ic value of 6.0 kg/cmz. It should be pointed out that the

Eéc/;ic ratios for the Ko tests varied not only from test to test

but also during consolidation since °3c stresses had to be varied in

order to maintain the original specimen cross-sectional area.

38. Maximum deviator stress versus final water content relation-

ships. Plots of maximum deviator stress versus final water content for

the two clays are given in Figures 27 and 28. These relationships show

that for a given olc value, ACU specimens have a larger final water

content and fail at a correspondingly lower maximum deviator stress than
do ICU specimens. The plots also show that at any given final water

content resulting from Gic values in excess of 1.5 kg/cm2, the maximum

deviator stress for an ACU specimen is greater than that for an ICU spec-

imen. For example, the plot in Figure 27 shows that a specimen of Buck-
shot clay consolidated using a KC value of 0.67 to a water content of
26.0 percent develops a maximum deviator stress during undrained shear
which is 11 percent greater than that developed for an ICU specimen con-
solidated to the same water content (KC =1). It should be remembered
that the mean effective stress (Eic + Eéc + Eéc)/S conditions in
specimens having the same water content will vary according to the

Kc ratio used during consolidation; hence, it would be expected that
the maximum deviator stresses developed during undrained shear would
depend somewhat on these initial effective stresses. These results are
consistent with others (Henkel and Sowa,ll Whitman, Ladd, and DaCruz,13
and Laddlz) in that anisotropic consolidation produces two compensating
effects on undrained strength, which are as follows:

a. For any given olc , anisotropic consolidation produces

42
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* a higher water content and hence a lower strength than
does isotropic consolidation.

|o*

For any given water content, anisotropic consolidation

: produces a higher strength than does isotropic consolida-
E tion. However, thegse observations are converse to Rut-
ledge's hypothesis,' which states that the water content
and undrained strength after saturation are independent

3 of K, ratios. Nevertheless, it is difficult to imagine
a unique water content-undrained strength relationship
for undisturbed soils in light of numerous undrained
tests on undisturbed soils which evidence significant
strength anisotropy. It is well known that the failure
stress of oriented specimens of such soils varies sig-
nificantly with the orientation of the axis of principal
: stress.

T

. 39. KO influence on maximum deviator stresses. The increased

strength of ACU specimens at a given water content may also be a func-
tion of the K, ratio. Figures 27 and 28 show that in the case of

the Buckshot clay, the greatest difference noted in maximum deviator

stresses for a given water content was between Kc values of 1.0 and
0.5, whereas the greatest difference noted for the EABPL clay was be-
tween Kc values of 1.0 and 0.67. Since KO values for the Buckshot
and EABPL clays as indicated by results shown in Figures 11 and 12 are :
approximately 0.5 and 0.6, respectively, there exists the possibility

that the KO condition is the upper limiting condition controlling ?
these differences. Although the values of maximum deviator stress for
the Ko tests shown in Figure 28 may be slightly high due to short
times to failure, it is felt the plot based on these values tends to
further suggest the above-mentioned possibility.

Lo. s, versus o, relationships. Relationships between un-

drained strength su where su = (ol - 03)max/2’ and olc for tests

5 having the slowest strain rates are given in Figures 29 and 30. Since

there were both normally and overconsolidated specimens, the relation-

ships shown are nonlinear. These figures also show that the undrained
strength of isotropically consolidated specimens of both clays was
higher than that of anisotropically specimens consolidated under the

same O value. The maximum difference in strength occurred between

ic
K, ratios of 1.0 and 0.67 at a o value of 6.0 kg/cm2, with the

lc
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Su/Gic

differences being 0.19 and 0.26 kg/cm2 for the Buckshot and EABPL
clays, respectively. The reductions in strength amounted to 9 and

15 percent for the respective clays.

lc
for tests performed using the slowest strain rates are given in Figures

41. Normalized sulolc behavior. Plots of su/olc versus o

31 and 32. As would be expected, these curves show that su/gic values

decrease quite rapidly as the degree of overconsolidation decreases
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. = . 2
(i.e., olc values ranging from 0.5 to 3.0 kg/cm”), and they become
horizontal in the range of olc values for normally consolidated speci-
. = 2 - i
mens (i.e., o values greater than 3.0 kg/cm”). There is a signifi-

le
cant effect on the s /o versus o
w o le le

of consolidation. The Su/gic values for normally consolidated speci-

relationships due to the method

mens of Buckshot clay taken at O 6.0 kg/cm2 range from 0.35 for
Kc = 1.0 50 0:31  for Kc = 0,67 , while su/olc values for the EABPL
clay at the same condition vary from 0.28 for Kc = 10 %o 0.2% for

Kc = 0.67 . The curves indicate approximately the same differences in
3’1/0lc values for Kc ratios of 1.0 and 0.67 in the overconsolidated
region. The curves for Kc = 0.5 for both clays are almost identical
to those for Kc = 0.67 in the overconsolidated range and are located

between the curves for Kc ratios of 1.0 and 0.67 in the normally con-

solidated region. Values of su/sic in the normally consolidated region
for the Kc = 0.5 ratio are 0.32 for the Buckshot clay and 0.28 for the
EABPL clay.

b7




42, Normalized su/olc behavior versus overconsolidation ratio.

Undrained strengths for specimens tested using the slowest strain rates
are normalized and plotted versus the overconsolidation ratio in Figure
33. Since specimens having Eic = 3.0 kg/cm2 are still somewhat over-
consolidated even though the overconsolidation ratio olp/olc , Where

;ip is the maximum past vertical effective consolidation pressure, is

equal to 1,%* the su/Eic values for these specimens were plotted on the

curves to estimate their degree of overconsolidation. According to these

= e

points, the o, /o value for specimens having &, = 3.0 kg/cm is

1p’ "1lc
approximately 1.5. These plots show that the method of consolidation af-

fected su/aic values for overconsolidated specimens of the EABPL clay
to a greater degree than it did those for the Buckshot clay. In the case

of the Buckshot clay, su/olc values at olp/olc = 6.0 were reduced

from 1.25 to 1.19 (i.e. 5 percent) for K, ratios of 1.0 and 0.5, whereas
in the case of the EABPL clay, su/aic values were reduced from 0.79 to

0.68 (i.e. 14 percent) for the same conditions. K, consolidation of

the EABPL clay at o = 6.0 reduced the su/aic value based on

1p’%1c =
Kc = 1.0 by 19 percent. Values of su/olc for normally consolidated
specimens of both soils (tests having gip/aic = 1.0) were affected simi-

larly by Kc ratios. In both cases the greatest differences in su/aic

occurred between Kc = 1.0 and 0.67 , with su/aic values being reduced
by approximately 10 percent for the Kc = 0.67 condition. Ladd12 and
Khera and Krizeklh have shown that su/crlc ratios for normally consoli-
dated clays are practically unchanged (:}5 percent) by Kc . The results
presented in Figure 33 confirm these previous conclusions but demonstrate
that for overcomnsolidated clays, su/aic may be more dependent on Kc
ratios. It should be pointed out, however, that the relationships shown
in Figure 33 were not developed in the same manner as were those by La.dd12

and most other investigators. The usual method for developing su/sic

* Specimens were reconsolidated in the triaxial apparatus from the no-
load condition at which samples were removed from the slurry consoli-
dometers. Normally consolidated specimens would not be obtained at
01¢c = 3.0 kg/cm? since virgin compression characteristics are not

developed in a reloading cycle until after the clp value is reached.
48
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p/Eic relationships is to consolidate specimens using a %

value greater than Olp and then rebounding phem to obtain the desired
Eip/aic ratios prior to shear. Specimens in this investigation were

versus o
1)

consolidated so that the desired o ratio was developed at the

lp/olc
end of the consolidation phase.

Effect of strain rate

L43. The effects of strain rate on the stress-strain characteris-
tics of ICU and ACU specimens of Buckshot clay are shown in Figure 3k4.
The rates of strain used were 0.6 and 0.06 percent per minute for tests
with o, = 0.5 kg/cm2 and 0.6, 0.06, and 0.012 percent per minute for

tests wiih Eic = 6.0 kg/cmg. The Kc ratio used for anisotropic
consolidation was 0.5. Points of maximum curvature for specimens with
Sic = 0.5 kg/cm2 occurred from 0.9 to 1.2 percent strain for ICU speci-
mens and from 1.1 to 1.3 percent strain for ACU specimens. In both
cases the larger strain value occurred at the slower rate of strain.

For ICU specimens with Eic = 6.0 kg/cmg, points of maximum curvature
occurred from 1.4 to 2.8 percent strain, with the largest strain value
occurring for the slowest rate of strain. Points of maximum curvature

for ACU specimens with Glc = 6.0 kg/cm2 occurred from 0.2 to 0.3 per-
cent strain, with the smaller strain value in this case occurring for
the slowest rate of strain. With the exception of the ACU specimens
having Eic = 6.9 kg/cm2 where points of maximum curvature coincided
with the strain values at failure, the deviator stress at the point of
maximum curvature was approximately 90-95 percent of that at failure.
Deviator stress values at the point of maximum curvature decreased with
increased times of shear.

44, Figure 35 is a plot of deviator stress at failure versus
elapsed time to failure for tests performed on the Buckshot clay. If
the two slower rates of strain for tests with Eic =160 kg/cm2 are
considered, the curves indicate a decrease in maximum deviator stress
per log cycle of time to failure of only 2-3 percent for both ICU and
ACU specimens. It should be noted that in order to provide comparable
times to failure, ACU specimens with Eic = 6.0 kg/cm2 would have to
be sheared using a rate of strain equal to 20 percent of that used for

ICU specimens.

50




LEGEND
SYMBOL K.
(o] 1.0
0 0.5

NOTE: TEST NUMBERS ARE
5 CIRCLED.

NUMBERS BESIDE PEAK
DEVIATOR STRESSES ARE
TIMES TO FAILURE

IN MINUTES .

G,_=6.0 KG/CM2

DEVIATOR STRESS G, - 0,, KG/CM?2

€=0.6%/MIN

€=0.06 %/ MIN-

G,. =0.5 KG/CM2

(o] 4 8 12 16 18
AXIAL STRAIN €, %%

Figure 3L4. Deviator stress versus axial strain for isotropically and
anisotropically consolidated specimens of Buckshot clay sheared using
different rates of strain




g 3 e el g FE e REThT (s S i e i 1 ) (T

0.6

D\ 0.6

0 0 —
— o |2 el sonctwr |
g J

MAXIMUM DEVIATOR STRESS (G,~0y)yay s KG/CMZ

LEGEND 06
B CE INL) st —
SYMBOL K o_b’:_:u—o‘} G, = 0.5 KG/cM?
f o 1.00 e et ,7_.%, Dk o
o 0.50
NOTE NUMBERS BESIDE POINTS ARE RATES OF
STRAIN IN ®/MIN
o | l[J_LlH] | l;'LHll { SN e ) S e S S I E AL
[N | 10 100 1,000 10,000
TIME TO (G, _GJ)MAX' MIN
Figure 35. o, -0 versus time to <? -0 for anisotrop-
1 3 max 1 3 max

ically and isotropically consolidated specimens of Buckshot clay
sheared using three different rates of strain
45, Table 6 summarizes the reduction in maximum deviator
] stress with increasing times to failure. Data in this table suggest
; that in the case of overconsolidated specimens (Gic = 0.5 kg/cm%), per-
cent reduction in strength due to slower strain rates is not as great
for ACU as for ICU specimens. For normally consolidated specimens
(Eic = 6.0 kg/cm?), strain rate effects are apparently just the op-
posite, with the percent reduction in strength for slower strain rates
being greater for ACU than for ICU specimens. Khera and Krizeklh found
that the reduction in strength due to a slower rate of strain during
shear was less for ACU than for ICU specimens but made no study of ef-
fects due to stress history.
46. Plots of deviator stress at failure versus elapsed time to
failure for tests performed on specimens of EABPL clay having Eic

values of 3.0 and 4.8 kg/cm2 and Kc ratios of 1.0 and 0.5 are given

JE
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in Figure 36.% The tests having the slower strain rates were performed

after it was determined that times to failure using the standard 0.06
percent per minute rate of strain were too short (k-6 min). These plots
indicate that maximum deviator stresses for the EABPL clay may be more
sensitive to rates of strain than are those for the Buckshot clay. For

rates of strain of 0.06 and 0.010 percent per minute, maximum deviator

stresses of specimens with G k.8 kg/cm2 and K = 0.5 were 2.96 and

2.70, respectively, which was a reduction of 9 percent. In the case of

specimens of the Buckshot clay with clc = 6.0 kg/cm2 and Kc = 0.5 .
the reduction in maximum deviator stress resulting from varying strain
rates over a comparable range (0.06-0.012 percent per minute) was only
5 percent.
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Figure 36. o, -0 versus time to (F -0 ) for isotropically
1) 3Inax X 3 max

and anisotropically consolidated specimens of EABPL clay sheared using
three rates of strain

¥ The tests having rates of strain of 0.010 and 0.002 percent per min-
ute were performed on 3.5-in.-high specimens. Due to equipment limita-
tions, rates of strain for the 3.5-in.-high specimens could not be
made equal to those of the standard 3.0-in.-high specimens.
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Effects of decreased end restraint

L7. Figure 37 shows stress-strain curves for specimens of Buck-
shot clay tested using low-friction caps and bases compared with those
tested using standard caps and bases. Curves for specimens tested us-
ing standard caps and bases were developed using the standard 0.06 per-
cent per minute rate of strain; those for specimens tested using low-
friction caps and bases were developed using a rate of strain of 0.6
percent per minute. The 0.6 percent per minute strain rate for tests
performed using low-friction caps and bases was chosen to decrease the
time of shear so that sufficient time would not be allowed for the de-
viator stress to squeeze enough silicone grease from between the ends of
the specimen and the cap and base to cause a significant increase in end
restraint prior to failure. The results are compared with the standard
0.06 rather than the 0.6 percent per minute rate of strain in order to
provide a comparison based on more equal times to failure rather than on
equal strain rates (see discussion in paragraph 54). It should be
pointed out that comparisons based on equal strain rates might result
in different conclusions. The curves show that decreased end restraint
resulted in deviator stresses at failure that were slightly lower for
ICU and slightly higher for ACU specimens. Except for the test per-
formed on the ACU specimen with o. = 6.0 kg/cm2 (test 22) where the

fe
axial strain value at which o, - o3> developed was unchanged,
max

decreased end restraint also reiulted in greater axial strain values

at failure; however, points of maximum curvature do not appear to have
been significantly affected. Table 7 summarizes the changes in maximum
deviator stress resulting from decreased end restraint. As can be seen
in Table 7, the maximum change in deviator stress at failure due to de-
creased end restraint was less than 15 percent, thus suggesting that
decreased end restraint has no significant effect on the strength of
either ICU or ACU specimens. The finding that stress-strain character-

istics of ICU specimens are relatively unaffected by decreased end re-

straint is consistent with previous work by Rowe and Barder12l and

Duncan, Seed, and Dunlop.22
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Induced Pore Pressures

Effect of KC

48. Plots of induced pore pressure versus axial strain are given
in Figures 38 and 39. These curves show that Kc ratios significantly
affected induced pore pressures of both clays during shear in that in-
duced pore pressures at maximum deviator stresses decreased substantially
with decreasing Kc ratios. Table 8 shows the changes in induced pore
pressures taken at maximum deviator stresses for KC = 0.67 and
Kc = 0.5 as compared with those taken for KC =1 . The reductions
in pore pressure with decreasing KC ratios should be expected, of
course, since a significant portion of the available undrained shear
strength of the specimens may be mobilized during anisotropic consoli-
dation under relatively drained conditions. Plots of A parameter

o

= n )le, - @ ) , where u 1is the pore pressure taken at

QI -0 ) and u is the pore pressure prior to undrained shear,
1 3/ max o

versus axial strain are given in Figures 40 and 41. Figures 42 and 43

show the effect of Kc ratios on versus A parameter rela-

o
tionships. As can be seen in these %;gures, the reduced pore pressures
occurring for the lower KC ratios resulted in much lower A param-
eter values. The observed reductions in A parameter values with
anisotropic consolidation are consistent with findings of previous
investigations (Ladd,12 Khera and Krizek,lh and Broms and Ratnam8).

Effect of strain rate

-
49, Maximum induced pore pressures. Induced pore pressure

versus axial strain curves for ICU and ACU specimens of Buckshot clay
sheared using strain rates of 0.6, 0.06, and 0.012 percent per minute

are given in Figure 4L4. 1In order to determine effects in both the

normally and overconsolidated regions, % values were 0.5 and 6.0

kg/cme. The Kc ratio used for anisotropic consolidation was 0.5.

The curves show that maximum values of induced pore pressure for ICU

specimens having clc = 0,5 kg/cm2 occurred at axial strain values

of 0.7 and 0.4 percent and were 0.34 and 0.29 kg/cmz, respectively.

Maximum values of induced pore pressure for ACU specimens
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with Olc = 0.5 kg/cm2 were developed at 0.8 and 0.3 percent and were
0.19 and 0.18 kg/cmg, respectively. In both cases the lower pore pres-
sure and axial strain values occurred using the 0.06 percent per minute
strain rate. Induced pore pressures for the ICU specimens having

Gic = 6.0 reached maximum values at axial strains ranging from 9 to 16
percent and ranged from 3.54 to 3.75 kg/cmz. Both the maximum pore
pressures and the strains at which they developed decreased with decreas-
ing rates of strain. Induced pore pressures for the ACU specimens hav-
ing Eic = 6.0 kg/cm2 reached maximum values at axial strains ranging
from 13 to 15 percent and varied from 0.93 to 1.16 kg/cmz. The strains
at which they developed decreased with decreasing rates of strain. The
maximum pore pressure was developed for the 0.06 percent per minute
strain rate, and the lowest pressure occurred for the 0.012 percent per
minute strain rate. Pore pressures for the ACU specimens having

Gic = 6.0 kg/cm2 and tested using strain rates of 0.6 and 0.06 percent
per minute peaked at low axial strains (0.3 and 0.4 percent) and then,
after decreasing, began increasing at strains of 0.5-1 percent to the
end of the tests. These results suggest that strain rate effects on
maximum induced pore pressure values and the axial strain values at
which they develop are similar for ICU and ACU overconsolidated speci-
mens. In the case of normally consolidated specimens, neither the strain
rate effects on maximum induced pore pressure nor the corresponding
axial strain values appear to be altered by the method of consolidation
if the low maximum induced pore pressure obtained for the test performed
on the ACU specimen sheared at the fastest strain rate is neglected.
There was no satisfactory explanation for the apparently low value.

31) . Table 9 shows the
max

difference between induced pore pressures at Qﬁ.- 03) for the
m

50. Induced pore pressures at cﬁ_- o

0.6 percent per minute strain rate and for each of the slower strain
rates used. The table shows that at failure, values of induced pore
pressure for both ICU and ACU specimens were not significantly affected
by strain rate in either the normally consolidated (Gic = 6.0 kg/cm2)
or overconsolidated (;ic = 0.5 kg/cme) range.
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51. Prior to (ol - 03) . Plots of induced pore pressure
max

versus elapsed time of shear at axial strain values of 1.0 percent for

the tests having Eic = 0.5 kg/cm2 and 0.2 percent for the tests having

Gic = 6.0 kg/cm2 are given in Figure 45. The axial strain values were
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Figure 45. 1Induced pore pressure versus elapsed time of shear for iso-
tropically and anisotropically consolidated specimens of Buckshot clay
taken at axial strain values prior to the development of the maximum
deviator stress
chosen so that conditions prior to the development of the maximum devi-
ator stress would be represented. The plots for the overconsolidated
specimens (i.e. those having ;ic = 0.5 kg/cm2) show that during the
initial part of shear, induced pore pressures for both ICU and ACU speci-
mens decreased similarly with slower strain rates, thus suggesting that
the method of consolidation does not alter effects due to strain rate
prior to the development of (al - 03)max in tests of overconsolidated
specimens. For normally consolidated specimens (i.e. those having
o. 5 6.0 kg/cme), however, the appropriate plot in Figure 45 shows

1
that effects due to strain rate prior to failure were significantly
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altered by anisotropic consolidation. Shearing action of these speci-

mens during anisotropic consolidation apparently erased effects due to
stress history since the induced pore pressure values changed very

little with slower strain rates instead of increasing as did the ICU

|
i
|

specimens and as would be expected for normally consolidated specimens.
A previous investigation at WE823 has indicated that end restraint
causes greater shear strains in the central portion of CU triaxial

| specimens during shear, resulting in a tendency for this portion of
overconsolidated specimens to dilate and of normally consolidated speci-
mens to consolidate. Pore pressure gradients within the specimen due to
these conditions tend to dissipate with decreasing strain rates, and
pore pressure measurements become more representative of those occurring
in the middle portion. Thus slower strain rates should produce lower
induced pore pressure measurements for overconsolidated specimens and
higher induced pore pressures for normally consolidated specimens prior

to the development of g =T
3 3) max
Effects of decreased end restraint

52. The relationships between pore pressure and axial strain for
tests performed using standard and low-friction caps and bases are given
in Figure 46. Specimens were consolidated using Kc ratios of 1.0 and

| 0.5 with Eic values of 0.5 and 6.0 kg/cmz. The curves show that dur-
| ing the initial part of shear, induced pore pressures developed in tests
| using low-friction caps and bases were much less than those occurring
with standard end platens, thus indicating that the response of the
pore pressure measurement system used with the low-friction caps and
bases may have been delayed. This possibility is further enhanced by the
observation that the B value check at the end of consolidation indi-
cated a slight delay in pore pressure responses (approximately 5 sec)
for tests performed with low-friction caps and bases even though in
one case the back pressure was increased from 60 to 120 psi. The
delay may have been due to silicone grease permeating the filter strips,
since significant amounts of grease were found on the outer edges of
the Teflon disks at the end of the tests; however, it is felt that the

curves shown for tests performed with low-friction caps and bases are

65




s T T T g ¢ T ip

LEGEND

O TEST PERFORMED USING STANDARD CAPS AND BASES B
F ® TEST PERFORMED USING LOW-FRICTION CAPS AND BASES

NOTE: TEST NUMBERS ARE CIRCLED.

INDUCED PORE PRESSURE U-Ug, KG/CM?

|
O
‘T
G = 0.5 KG/CM?2 &Kc =05
L

) ! ke J ik

0 4 8 12 16 18
AXIAL STRAIN €, %o
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not representative of actual specimen conditions and that a compari-
son with those developed using standard caps and bases would be

inappropriate.

Effective Stresses

53. Effective major principal stress ratio Ei/gé versus axial

strain curves are given in Figures 47 and 48. Table 10 gives the maxi-

mum Ei/gé values for the Kc ratios and stresses used. This table

shows that (Ei/gé) values for overconsolidated specimens
- 5y max
(olc < 6.0 kg/cm ) of Buckshot clay were much more sensitive to Kc

ratios than were those of overconsolidated specimens of the EABPL clay.

The maximum variation in (3&/55) values with Kc for the Buckshot

max
clay was 2.46 and occurred at Eic = 0D kg/cmg. The maximum variation
in (ol/

o values with K  for the EABPL clay was 0.28 and
3/max £

occurred at o, = LS kg/cme. Figure 49 shows curves representing

ke
the relationships between (01/03) and o© for both clays. These
max

ke

curves indicate that (o, /o values for specimens of both clays
1" "3/max

approach the same curve as olc values are increased. The curves

become quite flat for the higher Eic values (normally consolidated

specimens). The lowest (Ei/gé) value for the Buckshot clay was
max

2.63 and the lowest for the EABPL clay was 2.23. The lowest
(Ei/gé) value for the Ko tests performed on the EABPL clay was
max

2.21. Vector curves for effective stresses are given in Figures 50

and 51.

Strength Envelopes

Criteria for comparing
ACU and ICU strength envelopes

54, The problem of comparing ACU and ICU strengths is apparent
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in Figure 35, in which (ol - 03)max versus elapsed time to failure
relationships are presented. These results show that if strength com-
parisons are based upon equal strain rates, the ACU specimens always
experience shorter times to failure (due to the small axial strain
values at which (ol - 03)max values develop), and as the strain rate
is decreased, they may exhibit strengths higher or lower than or equal
to those of the comparable ICU specimens. At strain rates ranging
from 0.6 to 0.06 percent per minute, normally consolidated ACU speci-
mens (Eic = 6.0 kg/cm2 ) failed in less than 5 min, thus placing the
corresponding (ol - 03)max values in question since they are in the
range in which strain rate effects are very pronounced. For the same
range of strain rates, the spread of times to failure for normally
consolidated ICU specimens is from 13 to 80 min, and strain rate ef-
fects are not nearly as pronounced, as evidenced by the more horizontal

slope of the (ol -0 ) versus time to (0 curve. Ob-
3/max

17 3 )max
viously, for valid strength measurements, slower strain rates are re-
quired for ACU than for ICU specimens. If the slower strain rates
required for ACU specimens are applied to ICU specimens, excessive
times to failure result, thus requiring considerable testing time and
the introduction of possible secondary effects (creep) on the measured
strengths. Therefore, it appears reasonable to use equivalent times
to failure instead of strain rates to compare ACU and ICU strengths.
The strength envelopes presented in this section were derived using
results from ACU and ICU tests having approximately equal times to
failure.

Based on total stresses

55. Tangent to Mohr's circles. Mohr's diagrams and strength

envelopes based on total stresses taken at (0 are given in

" °3)max
Figures 52 and 53. The strength envelopes are drawn tangent to the
circles. Apparent angles of internal friction based on normally con-
solidated specimens (i.e. those having Eic =16.0 kg/cme) are given in
the tabulation on page T5.
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oo

Angle of Internal
Friction, @ , deg

K, Value Buckshot Clay EABPL Clay
1 14.6 12.8
0.67 18.3 16,73
0.5 22.8 21.0

The strength envelopes are curved in the overconsolidated region

;ic = 0.5-3.0 kg/cm2 . It should be remembered that since a olc
value greater than 3.0 kg/cm2 would be required to again produce virgin
compression characteristics, specimens having Eic =130 kg/cm2 are
slightly overconsolidated. Also shown in Figures 52 and 53 are ef-
fective stress envelopes for Kc = 1.0 . As can be seen in these
figures, a Kc ratio of 0.5 is very close to a failure condition for
normally consolidated specimens of EABPL clay.

56. Envelopes based upon stresses on failure plane. Strength

envelopes based on plots of shear stresses on the failure plane¥* at

(?l - o3)max versus effective normal stresses on the failure plane ?
prior to undrained shear are given in Figures 54 and 55. Envelopes

based on such plots are thought to better represent strength versus

normal stress relationships since they are based on stresses within the

specimens prior to shear instead of at failure, which is the case for

envelopes based on Mohr's circles. The apparent angles of internal

friction based on normally consolidated specimens are given in the

following tabulation:

Apparent Angle of In-
ternal Friction, @ , deg

e veRus Buckshot Clay EABPL Clay
i 16.2 alig
0.67 19.3 16. k4
0.5 23.9 20.8

5T« Taylor's me‘c.hod.2 Figures 56 and 57 show a comparison of

strength values derived using Taylor's method2 for determining the

*¥ A 60-deg failure plane was assumed.
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shear strength of ACU specimens from standard CU test results and ob-
served strength values from tests on ACU specimens. Taylor assumed

that Ei/aé ratios developed during undrained shear of ICU specimens
may be considered to be equivalent to consolidation stresses and that a
point on the strength envelope for a given Kc ratio may be obtained
by plotting the effective normal stress on the failure plane correspond-
ing to the equivalent Ei/gé value versus the shear stress on the
failure plane taken at (Jl - 03>max .¥ The figures show no significant
difference in envelopes developed using the two criteria. Apparent
angles of internal friction for normally consolidated specimens obtained
using the derived and observed strength values are given in the follow-
ing tabulation:

Apparent Angle of Internal Friction, @ , deg
Angle Based on Derived Angle Based on Observed

Strength Values Strength Valuest
K Falas Buckshot EABPL Buckshot EABPL
(o Clay Clay Clay Clay
1 - - 16.2 13.7
0.67 18.5 16.0 19.3 16.4
0.5 2208 19.7 23.9 20.8

T Strength envelopes from which these angles were obtained
are given in Figures 54 and 55.

As can be seen in this tabulation, the angles obtained using Taylor's
method2 are slightly lower than those based on observed values; however,
in no case is the difference greater than 2 deg.

Based on effective stresses

58. Tangent to Mohr's circle. Mohr's diagrams and strength

envelopes based on effective stresses taken at @l - 03)max are given
in Figures 58 and 59. The envelopes are drawn tangent to the circles.

As would be expected, the envelopes are curved in the overconsolidated

region. The tabulation on page 80 gives apparent angles of internal

friction based on normally consolidated specimens.

¥ An illustration of Taylor's method and plots of effective normal
stresses on 60-deg planes versus ol/o3 values for ICU specimens are
given in Appendix B.
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K Value
o s e AL

1
0.67
0.5

Apparent Angle of Internal
Friction, @' , deg

Buckshot EABPL
Clay Clay
26.9 215
22,0 18.6
24,9 21,7

59. Envelopes based upon stress on failure plane at (ol - 03) .

max

Strength envelopes based on plots of shear stress versus effective normal

stress on 60-deg planes taken at (ol - 03) values are given in Fig-

‘max

ures 60 and 61. The envelopes are curved in the overconsolidated region.

Apparent angles of internal friction based on normally consolidated

specimens of the Buckshot clay ranged from 26.9 deg for Kc = 1.0 %o
21.8 deg for Kc = 0.67 . In the case of the EABPL clay, the angles
ranged from 21.4 deg for Kc = 1.0 to 18.k deg for K. = 0.6

These results differ from those reported by Henkel and Sowa,

11 who re-

ported no effect on envelopes based on effective stresses due to the

method of consolidation. La,dd12 has, however, reported differences of as

much as 4 deg in angles in CU tests of several undisturbed clays using

Kc ratios of 1.0 and 0.5. Thus, the 5-deg difference reported for the

Buckshot clay may be valid.

3

60. Envelopes based upon stress on failure plane at (Ei/g') c

max

Strength envelopes based on plots of shear stress versus effective

normal stress on 60-deg planes taken at (E'/E') values are given

in Figures 62 and 63.

As in the case of the envelopes taken at

(ol - 03) the envelopes are curved in the overconsolidated region.
max

A single envelope may be drawn for all the normally consolidated speci-

mens, thus indicating no apparent effect due to the method of consoli-

dation during the stage of the test when (Gi/g ) values were gener-
max

3

ated. This suggests that possible differences in strength due to

changes in structure resulting from the method cf consolidation are

obliterated by the additional shearing action required to develop maxi-

mum (Ei/gé) values.

I BV PN s A p———-

The apparent angles of internal friction based on
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the normally consolidated specimens were 26.9 deg for the Buckshot and
22.2 deg for the EABPL clay.

61. Tables 11 and 12 summarize angles of internal friction based
on total and effective stresses, respectively, for normally consolidated i

specimens of both soils obtained as Kc ratios were varied.

Hyperbolic Stress-Strain Behavior 1

62. Various mathematical models have been used to represent
the nonlinear stress-strain behavior of soils. The most commonly used

expression is the hyperbolic model proposed by Kondner,Eh which is

— _—e F
% T & + ve (3) ]

where % is the deviator stress, € 1is the axial strain , and a

and b are material parameters. However, in the case of anisotropic
consolidation, the deviator stress acting on the specimen prior to un-~
drained shear must be considered. Since the consolidation stress-strain
path in the laboratory does not duplicate the consolidation history in
the field, the consolidation deviator stress odc and consolidation
strains €, can be subtracted from the stresses and strains occurring

during shear, and the hyperbolic model becomes

€
% - %ec T a * be (ka)

where Tia is the consolidation deviator stress due to anisotropic con-
solidation, and € 1is the axial strain in undrained shear. By trans-
forming the equation to the following linear form, the constants a and
b can be evaluated as the intercept and slope of a straight line,

respectively.

= g + be (hb)
% ~ %e

Figures 64-T0 present the transformed hyperbolic stress-strain relation-

ships for the Buckshot and EABPL clays for the various Ulc and Kc
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ratios. Except for some curvature of the initial portions of the EABPL
transformed relationships, these results show that a hyperbolic repre-
sentation of the stress-strain propertieé is a good approximation for
both ACU and ICU specimens. Figures 71 and T2 presént the variation

of the material parameter a with G. and Kc , respectively, for

ie
the Buckshot clay, while Figures 73 and T4 present the variation of

a with olc and KC , respectively, for the EABPL clay. These results

show that for the normally consolidated range, a (the reciprocal of

the initial tangent modulus E. ) is essentially independent of Kc .

lo

Conversely, for lower % values, i.e., in the overconsolidated

range, a increases substantially with increased overconsolidation

ratios (decreasing % values) and increases with decreasing values
of K .
c
63. Figures 75 and 76 present the variation of the material
parameter b with o

10 h

while Figures 77 and T8 present the variation of b with 0,, and

and Kc , respectively, for the Buckshot clay,
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Kc , respectively, for the EABPL clay. These results show that b

varies significantly with LT and tends to decrease as % increases
in the normally consolidated range. The effect of Kc on b is con-
siderable, with b tending to increase with decreasing values of Kc
for both the normally consolidated and overconsolidated ranges.

64. These results demonstrate that the hyperbolic representation
of the stress-strain properties is a good approximation and adequately
represents actual data for both ACU and ICU specimens. However, the
stress-strain properties are quite different and are dependent upon KC
and o© . The transformed hyperbolic relationships indicate that a ,

the reiiprocal of the initial tangent modulus Elo , is essentially in-
dependent of Kc and alc for the normally consolidated range, but
the slope of the line (parameter b) varies considerably with K, and
9c * Therefore, the indiscriminate application in finite element
cocdes of stress-strain relationships derived from ICU test specimens to

ACU problems will lead to erroneous results.
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PART IV: CONCLUSIONS AND RECOMMENDATIONS

65. Based on the equipment, procedures, and materials used in

this investigation, the following conclusions have been drawn.

Testing Methods

66. Slurry consolidometers provide an alternative method to
compaction for sample preparation. The homogeneity of the slurry-
consolidated samples is reflected in the uniform water contents and
density distribution in the specimens. The deviation in water contents
was less than +0.9 and +1.0 percentage points for the Buckshot and
EABPL clays, respectively, while the deviation in densities was less
than #1.2 and +1.1 pef for the respective clays.

67. The effect of strain rate on the stress-strain characteris-
tics was similar for both ICU and ACU specimens in that the maximum
deviator stress decreased slightly with slower strain rates. The
slight reduction in strength due to decreased strain rates was less in
the overconsolidated range for ACU than for ICU specimens. Conversely,
in the normally consolidated range, the ACU specimens exhibited a
greater strength reduction with decreasing strain rate than did the
ICU specimens. Because the decrease in strength due to strain rate was
small (less than 10 percent per log cycle of time to failure), the rec-
ommended guideline in Reference 16 for time to maximum deviator stress
of at least 30 min appears appropriate.

68. The values of induced pore pressure at maximum deviator
stress for both ACU and ICU specimens were not significantly affected
by strain rate in either the normally consolidated or overconsolidated
range. This observation suggests that the recommended time to maximum
deviator stress of at least 120 min for tests in which pore pressures
are measured is excessive for these materials.

69. The use of low-friction end platens to reduce end restraint
results in more uniform strains in the specimen. All specimens tested

using conventional end platens failed by bulging, whereas specimens
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tested with low-friction caps and bases deformed cylindrically or ex-
panded slightly at one end.

T70. Decreased end restraint resulted in slightly lower (less
than 15 percent) maximum deviator stresses for ICU specimens and
slightly higher values of (ol - 03)max for ACU specimens for both
the normally consolidated and overconsolidated ranges. Decreased end
restraint also resulted in greater axial strain values at (ol - 03)max
for both consolidation paths (i.e. anisotropic or isotropic) and stress
histories (i.e. overconsolidated and normally consolidated) except for
ACU specimens in the normally consolidated range, in which no change
was observed.

T1l. Development of induced pore pressure values was considerably
slower and values were much lower for tests performed using low-friction
caps and bases than for tests performed with standard caps and bases.
These results and the observation that silicone grease was present on
the outer edges of the caps and bases suggest that the grease may have
permeated the filter strips connected to the pore pressure ports and

invalidated the pore pressure measurements.

Engineering Characteristics

T2. The change in volume during consolidation and water content
at the end of consolidation are not a unique function of the major

principal consolidation stress Ei but are related to the mean ef-

fective consolidation stress (ooct

ing consolidation. ACU specimens had higher water contents (lower

c
) and to the deviator stress dur-
c

volume changes) than did ICU specimens for the same Eic . The effect

of Kc ratio on volume change was more pronounced in the overconsoli-

dated than in the normally consolidated ranges.

T3. For any given % e value, the maximum deviator stress
(c -0 ) generally decreased with decreasing K ratio. Con-
nE Bmax [
versely, for any given water content, (ol - 03) is greater for ACU
max

than for ICU specimens.

Th. The increased strength for ACU specimens for a given water
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Ty

content may be a function of Kc ratio, with KO consolidation repre-
senting the upper limiting value. For a given water content, specimens
consolidated under Ko conditions exhibited the greatest strengths,
and lower strength values were obtained for specimens consolidated at
Kc ratios less than or greater than KO .

T5. The strength ratio su/olc was greater for ICU than for ACU

specimens for a given glc + The ratio su/aic was more dependent
upon the Kc ratio in the overconsolidated range than in the normally
consolidated range, in which it was only slightly affected by Kc
ratios.

76. Stress-strain characteristics were significantly affected by
Kc ratios. The axial strain values at (01 - 03)max generally de-
creased with decreasing Kc ratio values. The reduction in axial
strain values at (ol - 03)max as Kc varied ranged from 33 to 98 per-~
cent for Buckshot and from 17 to 95 percent for EABPL clay, with the
greatest reductions occurring in the normally consolidated range.

TT. Induced pore pressures at the maximum deviator stress de-
creased substantially with decreasing Kc ratios for a given Eic
value. Likewise, the A parameter values were considerably lower for
ACU specimens.

T78. Strength envelopes based upon total stresses taken at
(ol - 03)max for normally consolidated specimens show an increase in
angles of internal friction with decreasing Kc ratios. .

T9. Total stress envelopes based on Taylor's method of deriving
strehgths of ACU specimens from test results obtained from ICU speci-
mens slightly underestimate observed values. In this context, Taylor's
method2 is an appropriate means of predicting strengths for various
Kc ratios from conventional ICU tests.

80. Strength envelopes based upon effective stresses taken at
(ol - 03)max show a decrease in angles of internal friction with de-
creasing Kc ratios.

81. Strength envelopes based upon effective strength envelopes

taken at (o /

ratico K_ .
c

exhibit no effect due to consolidation stress
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82. Excellent agreement was obtained between experimental Ko
values in the normally consolidated range and Jaky'520 empirical corre-
lation Ko =1 - sin @' .

83. The stress-strain curves for both ACU and ICU specimens can
be accurately represented by a hyperbolic expression o g, - e/

(a + be). The material parameter a (the reciprocal of the initial
tangent modulus Elo) is independent of Kc ratio in the normally con-
solidated range. However, a decreases with decreasing Kc values in
the overconsolidated range. The hyperbolic parameter b varies signif-
icantly with Kc ratio and Eic . These results demonstrate that the
use of finite element codes of hyperbolic stress-strain relationships

derived from ICU tests for ACU conditions will lead to erroneous results.

Recommendations for Future Research

84. Since the stress system imposed on soil specimens during CU
triaxial compression tests is not comparable to most field conditions,
further testing of anisotropically consolidated soils under stress
systems that better simulate in situ conditions is needed. Stress
systems applied by simple shear, plane strain, and triaxial extension
devices are suggested. The tests should be performed on specimens of
the EABPL and Buckshot clays trimmed from samples prepared in slurry
consolidometers so that effects due to the various stress systems may
be correlated with effects reported in this investigation.

85. It is also recommended that a similar investigation be con-
ducted on compacted specimens of Buckshot clay in order to study ef-

fects due to soil structure prior to anisotropic consolidation.
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Table 1

Testing Program

Strength and Deformation Properties of Isotropically and An-
isotropically Consolidated Clays

e - 2 — 2
= 8] cm
K, °3c/°lc Oy, 2 kg/cm g2 kg/
Testing to Determine Effect of Varying Effective Principal
Consolidation Stress Ratio ESC/Eic (Using Standard Caps
and Bases and Axial Strain Rate of 0.06 Percent/Min)¥*
: 0.5 0.5
0.67 (8,057 0.33
(9 35 Q.5 0.25
3 15 5
0.67 Lo 1.6
@5 8055 0.75
3 3.0 3.0
0.67 3.0 2.0
0.5 3.0 1.5
1 6.0 6.0
0.67 6.0 k.o
Q5 6.0 3.0
Testing Series to Determine Effect of Tenfold Increase
in Rate of Strain (Using Standard Caps and Bases
and Axial Strain Rate of 0.6 Percent/Min)¥*¥
x 0.5 0.5
8.5 (05 Q.25
1 6.0 6.0
0.5 6.0 3.0
Testing Series to Determine Effect of End Restraint
(Using Enlarged Low-friction Caps and Bases and
Axial Strain Rate of 0.06 Percent/Min)¥*¥
1 0.5 05
0.5 0.5 .25
X 6.0 6.0
0.5 6.0 3.0
Testing Series to Determine Effect of Ko Consolida-
tion (Using Standard Caps and Bases and Axial
Strain Rate of 0.06 Percent/Min)+
Ko 05 =t
Ko 1.5 ++
Ko 3.0 T
K 6.0 T
o
* Tests to be performed on Buckshot and EABPL clay.
** Tests to be performed on Buckshot clay only.
t Tests to be performed on EABPL clay only.
++ Eéc value will be that necessary to obtain K, condition (no lateral strain).




Results of§

Consolidation Data
Water

Initial Specimen Conditions

= Water Dry Out Time of

lc i Test Content Void Saturation Density 3 Consolidation Con

kg/cm e~ T3¢’ Tl No. % Ratio % pef cm days

0.5 1 1 32.5 0.864 100+ 90.L4 0.40 T

al 2 32.6 0.861 100+ 90.2 0.38 5

g % 33.5 0.899 100 88.4 0.50 o

0.67 ) 32.4 0.862 100+ 90.2 0.22 2

0.5 5 32.3 " 0.870 100+ 90.1 0.12 2

0.5 6 32.5 0.861 100+ 90.2 0.03 2

0.5 ™ 32.0 0.852 100+ 90.6 0.02 3

1.5 3% 8 32.4 0.865 100+ 90.3 2.30 3

0.67 9 32.6 0.862 100+ 90.2 1.48 N

0.5 10 32.7 0.862 100+ 90.4 d 3T i

3.0 a1 11 32.7 0.87k 100+ 89.9 5.85 2

0.67 12 32.7 0.866 100+ 89.9 k.09 7

0.5 13 32 08T 100+ 90.0 3.73 9

6.0 1 1k 32.0 0.869 99.0 89.8 9.81 2

il 15 32.6 0.863 100+ 90.1 4.6k 2

1 16 32.8 0.869 100+ 89.8 9.63 I

1 1T** 32.4  0.849 100+ 90.7 k.92 3

0.67 18 32.3 0.858 100+ 90.3 8.4k 9

0.5 19 318 0.86T 98.7 89.9 8.41 11

0.5 20 32.8  0.873 100+ 89.9 8.15 9

0.5 21 32.7 0.868 100+ 89.9 8. T 13

0.5 Q0% 32.2 0.858 100+ 90.3 3.88 10

6

Note: Symbols used in the headings are defined in EM 1110-2-190
*¥ Based on middle 80 percent of specimen after shear.
*¥*%* Test performed using low-friction cap and base.

(Reference 16).




Results of CU Triaxial Tests Performed on Vicksburg Buckshot Clay

8

Table 2

1

Axial Loading Data

Consolidation Data . 3
Water . Ly Final -
Out Time of Water Rate of g, = 0O u - uo 03 u - uo ;
3 Consolidation Content*® Axial Strain 5 5 5 E-/;- — Strain
cm days % %/min kg/cm kg/cm” kg/cm J4 s 0l 3 %
0.k0 i 32.9 0.06 1.13 0.28 0.22 6.13 0.25 1.00
0.38 5 32.9 0.6 1.29 0.33 QL LT 8.5k 0.33 0.97
0.50 2 33.9 0.6 1.01 0.21 0.29 4,52 0.21 2.58
0.22 2 33..0 0.06 1.06 0.16 Q.17 gl 0.15 0.64
0.12 2 33.0 0.06 0.99 Q.12 0.13 8.59 0.12 0.67
0.03 2 33.2 0.6 1.09 0.15 0.10 11.89 0.1h4 0.67
0.02 3 32.8 0.6 1.28 0.0k Q21 T 10 0.03 1,31
2.30 3 3.2 0.06 1.6k 0.78 0.72 3.28 0.48 L, 22
1.48 N 32.0 0.06 1.59 0.40 0.60 3.6k 0.25 1.35
L KT T 3252 0.06 15T 0.22 0.53 3.96 0.1k 0.68
5.85 2 28.1 0.06 2.37 1.73 1.27 2.87 0.73 6.52
L.09 T 29.9 0.06 1.90 SOT 0.93 3.0k 0.56 10.31
3:73 9 30.0 0.06 1.80 0.63 0.87 3.06 0.35 6.93
9.81 2 24,2 0.012 4.02 3.54 2.46 2.63 0.88 8.73
L.6L4 2 24.8 0.06 4.05 3.59 2. k] 2.68 0.89 9.96
9.63 in 25.0 0.6 4.05 3.79 2,21 2.83 0.94 18.97
L.92 3 25.0 0.6 3.59 3.10 2.90 ool 0.86 20.73
8.Lk4 9 25.6 0.06 3.46 1.94 2.06 2.68 0.56 8.92
8.4 11 25.5 0.012 3.50 0.95 2.05 2.70 0.27 5.9k
8.15 9 26.3 0.06 4.07 0.45 2.55 2.60 oTsn il 0.23
8.47 13 26.2 0.6 4,38 0.41 2.59 2.69 0.09 0.30
3.88 10 96.2 0.6 3.16 0.98 2.02 2.56 0.31 18.89

R
- e - - . - .

e
. . .

n
. .

.

FEFWLOLWWEEFF DD
b

(Reference 16).
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a |
|
Axial Loading Data ;
71/03 at Max o, - 03
1 U= o) -0y u-u (_1-3 R Elapsed ’
2 A = oo s> Strain 5 5 a /-(-)_ A= ‘O—o Strain Time ‘
&] B 3 % kg/cm kg/cm” kg/cm =g Qi % min
3 0.25 1.00 1.25 0.10 0.40 k.10 0.08 3.00 50
5 0.33 0.97 1.39 0.18 0.32 5.37 0.13 2.1k L
52 0.21 2.58 Bl all 0.07 0.43 3.58 0.06 10. 7k 26
T 0.15 0.6k fe 2l L =0.03 0.36 L.Lo =0k 02 2.31 38
59 0.12 0.67 1.19 -0.03 0.28 5.31 -0.02 2.01 33 |
89 0.14 0.67 1.29 -0.01 0.26 6.02 —0. 01 2.34 L f
0 0.03 131 T35 =0.22 0.47 3.89 =016 5.2k 13
28 0.48 4,22 1.68 . 0672 018 37 0.43 1.21 20 §
6 0.25 1.35 1.59 0.40 0.60 3.6k 0.25 1.35 22 |
96 0.1k 0.68 1.57 022 0,53  3.96 0.1k 0.68 11 |
87 0.73 6.52 2. 1o @ 1.ho 2.7 0.66 3.14 79 |
oL 0.56 10.31 2.10 0.61 1.ko 2.50 0.29 0.69 11 |
06 0.35 6.93 2.12 0.23 1.28 2.67 0.11 021 3 §
63 0.88 8.73 k.02 %Sk - 2M6 263 0.88 8.73 706 |
68 0.89 9.96 L.12 3.39 2.61 2.58 0.82 4,83 162 |
83 0.94 18.97 4.21 3.45 2.55 2.65 0.82 8.18 13
2L 0.86 20.73 3.79 2.5k 3.46 2.09 0.67 12.1k 30
68 0.56 8.92 3.66 0.96 3.0k 2.21 0.26 o)l i
70 0.27 5.94 3.85 0.35 2.65 2.45 0.09 0.22 100
60 0.11 0.23 L.o7 0.45 2555 2.60 0) 3L 0.23 =
69 0.09 0.30 4,38 0.41 2.59 2.69 0.09 0.30 >1 ‘
56 0.31 18.89 .35 0.09 2.91 2.50 0.02 0.23 >1 ;




Results
Initial Specimen Conditions wCznsolidation ot I
;- Water Dry gu:r Time of ¥
Je et Test Content Void  Saturation Density 3 Consolidation Cc
kg/cm c 3¢’ “le No. % Ratio % pef cm days E
0.5 1 23 k8.2  1.326 98.7 73.10 1.16 8
0.67 24 b 8 1307 98.6 73.3 0.70 7
0.5 25 8.2 1,328 98.8 T2.9 0.47 3
125 al 26 ST A S R 98.9 3.4 k.45 5
0.67 27 48.0 1.322 98.7 73.1 3.8k 6
. 0.5 28 Lepegs v i 300 98.4 T3 3.4k i
: 3.0 it 29 h7.5 1.315 98.3 T8.3 8.L6 7
4 0.67 30%% 46.5 1.269 99.6 4.8 T.09 8
0.67 31 k8.1  1.328 98.5 72.9 6.92 7
0.5 0% % 46.3 1.269 99.3 74.8 T-20 7
0.5 33 K80 1322 98.8 T30 T2l 12
4.8 0.5 3k 46.2 1.267 99.2 4.9  10.91 9
0.5 35 46,1 1.261 99.4 TS5 1254 8
6.0tt 1 36 k.9  1.323 98.6 TR0 1338 5
0.67 37 lEre8 1t 310 99.2 73.5 12.06 Gin |
K
o
Tests
0.49 0.57 38 46.5 1.279 98.9 Al 0.30 3
157 0.51 39 46.6 1.273 99.5 TU.T 2.84 3
3.15 05T 4o k6.5 1.276 99.1 4.6 6.56 6
6.01 0.64 L1 h6.1  L.2T7L 98.7 T8 19030 9
Note: Symbols used in the headings are defined in EM 1110-2-1906 (Reference 16).

* Based on middle 80 percent of specimen after shear.
*¥%¥ Test performed on 3.5-in.-high specimen after previous test on standard 3.0-in.-high

+ (3'/5- not developed using 0.002 percent/min strain rate.

tt Test at Eic = 6.0 kg/cm2 with KC = 0.5 not performed since axial deformatiow auri




Table 3

Results of CU Triaxial Compression Tests Performed on EABPL Clay

Axial Loading Data

solidation Data at Max o,/0,

Final i

Time of Water Rate of g, - 03 u - u 03 u-u g, - 03 u
Consolidation Content* Axial Strain > > o T A= G__——%— Strain - :
days % %/min kg/cm kg/cm® kg/em atigide] L & a3 % kg/cm kg
8 47.9 0.06 0.68 0.2k 0,26  3.63 0.36 3.12 0.80 04

T 47.8 0.06 0.65 0.07 0.26 S5 Bl 3.38 0.68 -0.

3 48.5 0.06 0.56 0.0k 0.21 3.73 0.08 2.37 0.68 -0

5 43.6 0.06 1.29 0.69 0.81 2.58 0.5k 6.69 1.29 O

6 Lk.5 0.06 1.14 0.2k 0.76 2.51 0.21 3.49 1.1k 04
T4 44,8 0.06 1.09 0.1k 0.61 2.79 @.13 0,35 kS 0.
i) 39.8 0.06 1.88 1.60 1.k0 2.35 0.85 12.0k 1.91 1

8 41.9 0.010 1.57 0.82 1.18 2.33 0.52 9.11 1.67 0.

i b1.7 0.06 I 0.8 1.22 2.29 0.50 9.03 1,75 0.

T W15 0.010 170 0.11 1.39 2.23 0.07 0.32 1.70 0
12 41.3 0.06 1.97 0.18 1.32 2.50 0.09 0.38 1.97 0.
9 37.0 0.002 t t * i t i 2.79 0.

8 370 0.06 2.96 0.22 2.28 2.30 0.0T7 0.3k 2.96 0.
5 34.5 0.06 3.29 3.33 DAET 2.93 1.01 13.91 3.38 34
i3 35.7 0.06 2.81 173 2.27 2.2k 0.62 15.61 3.09 0.
3 L7.7 0.06 0.54 0.12 0.16 L. o7 0.22 2.35 0.62 0

3 45,2 0.06 1.10 0.1k 0.66 2.66 0.13 0.35 1.19 0.

6 41.3 0.06 1.60 0.66 1.14 2.%0 0.k1 1k.68 1.91 0.

9 35.6 0.06 2.98 3T 2.47 2.21 0.46 11.9k4 3.32 0

ance 16).

fandard 3.0-in.-high specimen indicated a height to diameter ratio after consolidation considerably less than 2

fal deformation during consolidation exceeded available piston travel (1.0 in.).




al Loading Data

el Al bt e bl Ak S oo sds i o s £ ot din Ut o alael i b et oo

s 3
| g, -0 u-u o. u-u Elapsed
2 strain T ] 2 sz A=z—2 sotrain Time
3 % kg/cm kg/cm” kg/cm 1/73 1 3 % min
; 3.12 0.80 0.12 0.39  3.07 0.1k 8.20 134
3.38 0.68 -0.02 0.35 2.93 -0.03 6.75 111
2.37 0.68 -0.07 0.32 3.09 —0.11 6.78 139
6.69 1.29 0.69 0.81 2.58 0.5k 6.69 107
3.49 1.14 0.24 0.76 2.51 0.21 3.49 83
0.35 1.1 0.10 0.65 2.73 0.09 1.06 17
12.04 1.91 1.46 1.54 2.2k 0.77 6.76 107
9LEE 1.67 0.4k 1.56 2.07 0.26 1.52 28
9.03 1.75 0.35 1.65 2.06 0.20 0.72 Tl
0.32 1.70 ()ALl 1.39 2.23 0.07 0.32 56
0.38 1.97 0.18 1,32 2.50 0.09 0.38 6
£ 2.70 QuLT 2.33 2.16 0.07 0.15 67
0.3k 2.96 0.22 2.28 2.30 0.07 0.34 N
13.91 3.38 Fo1 2.89 2.17 0.92 8.5k 132
15.61 3.09 0. T4 3.26 1.95 0.24 1.55 22
2.35 0.62 0.02 0.26 3.37 0.03 5.04 107
0.35 1.19 0.07 0.73 2.63 0.06 2.08 33
14.68 1.91 0.24 1.56 2.23 0.13 O3 11
11.94 3032 0.70 3.14 2.06 Q.21 1.59 22

E

n considerably less than 2:1.




Table 4

Final Water Content Distribution for Buckshot Clay

Water Content at End of Test, %

- Total
e > K Test Specimens Middle
kg/cm c No 5 Slices 3 Slices
(3 71 ] 1 32.86 32.92
al 2 32.92 32.91
1 3 33.86 33.86
0.67 L 32.90 32.95
0.5 5 33.02 33.02
0.3 6 33.18 33.18
@5 T 32.82 32.82
1.5 3 8 31 .23 31.18
0.67 9 32.04 32.02
0.5 10 32.19 32,15
3.0 1 11 28.35 28.12
0.67 2 29.96 29.85
Q5 3 30.13 30.01
6.0 a2l 1h 24.33 24.18
1 15 24.97 24.79
i 16 25.12 24.95
1 Al 25.01 25.01
0.67 18 25.83 25.63
0.5 19 25.67 25.50
0.5 20 26.45 26.29
0.5 21 26.40 26.21
05 22 260 26.17

Sbicis aieud

Middle

Slice

33.
32.
.92
.08
.07
.1k
.99

.1k
.01
.13

.06
.81
.95

.28
.78
.88

21
82




Table 5
Final Water Content Distribution for EABPL Clay

Je 2
kg/cm
0.5

3-0

4.8

6.0

Tests

0.49
T.57
315
6.01

o e
(o))
-3

[eNcNeoNeN
(o)
A=

o O
.

ST
s 9L

wkH OO
.

.84

Test
No.

23
2k
25

26
27
28

£9
30
il
32
33

3L
35

36
3T

38
39

L1

Water Content at End of Test, %

Total

L3.
Lk,
Lk,

Lo.
L2,
L2,
L1.
L1,

37.
37.

3k,
36.

Specimens
5 Slices

L7.
L.
48.

LTT
.26
.59
.09

Middle
3 Slices

L7.
L7,
L6

L8
L3

86
8k

.59
Lk,
Lk,

50
8l

.76
.68
.89
.28
.53

.95
.95

.00
.Th

< Th
o1
27
.6k

Middle
Slice

L8

L3.
Lh,
Lh.

39.
L1.

L1
L1
36

3k.
35.

LT,
.15
L1.
35.

.15
L8.
L8.

[
79

Ly
50
83

T0
61

.90
L1.

10

.53

I
36.

90

L6
63

81

2k
5T
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Table 6

Reductions in Maximum Deviator Stress with Increasiug

Times to Failure for Buckshot Clay

Maximum
Rate of Time to Dg:;:z:r
Strain, ¢€ Failure Reduction in Maximum Deviator Stress
%/min min kg/cm Relative to That at € = 0.6 %/min, %
ICU Specimens (Kc =1) at
— 2 — —
0, = 0.5 kg/cm (q;g/olc = 6.0)
0.6 h 1-39 —— q
0.06 50 1.25 10 f
0.012 - - - |

ACU Specimens (Kc = 0.5) at

o. = 0.5 kg/em® (Eip/sic = 6.0) 1

lc
0.6 L 1.29 o
0.06 33 1.19 N
0.012 — s o

ICU Specimens (Kc = 1) at i

po— 2 2 — == 5

o), = 6.0 kg/em (°1p/°1c = 1.0)
0.6 13 h.21 Sl
0.06 162 4,12 2
0.012 T06 4.02 5

ACU Specimens (Kc = 0.5) at

- % 2 — — &
o, ™ 6.0 kg/cm (olp/olc = 1.0)

1
0.6 >1 4.38 -
0.06 3 L.07 T
A 0.012 100 3.85 12
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Table 7

Changes in Maximum Deviator Stress Resulting from

Decreased End Restraint for Buckshot Clay

Change in Maximum Deviator
Stress Relative to That De-

¥axiwmm Devistor Stress veloped Using Standard Caps

Caps and Bases kg/cm2 and Bases, %

ICU Specimens (K, = 1) at o, = 0.5 kg/em® ;
Low friction Pl =11
Standard 1.25 -

ACU Specimens (Kc = 0.5) at 0o = 0.5 kg/cm2

Low friction 1.35 +12
Standard 1.19 -

ICU Specimens (Ké =1) at Eic = 6.0 kg/cm2

Low friction 3.79 -8
Standard 4,12 -—

ACU Specimens (K, = 0.5) at Gic = 6.0 kg/em®
Low friction 4.35 +6

Standard k,o7 -

o et




Table 8

Differences in Induced Pore Pressures Taken at Maximum

Deviator Stresses for Kc = 0.67 and Kc = 0.5 as

Compared with Induced Pore Pressure at Kc =1 ﬁ

Percent Difference in
Induced Pore Pressure at

E (01 - 032max for Indi-
Induced Pore
cated Values of K
Pressure at c
(ol - 03) Between Between
max Kc =1 Kc =1
F > fay Kc . and and
010 kg/cm X /cmz Kc = 0.67 Kc = 0.5
Buckshot Clay ?
0.5 Q10O -130 ~130 ]
L5 0.72 =Ly -69
3.0 1.60 -62 -86
6.0 3.54 =73 -87
EABPL Clay
05 0.12 =117 ~158
155 0.69 -65 -86
i 3.0 1.46 =70 -93
6.0 Sell -76 *

* Test not performed.
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Table 9

Comparisons Between Induced Pore Pressures and Strain Rates

for Buckshot Clay

Change in Induced Pore
; Pressure at (cl - 03)
Induced Pore Pressure max
Rate of Strain, & at (ol - 03) » kg/cm” Relative to That Developsd
%/min max at & = 0.6 %/min, kg/cm

ICU Specimens (K, = 1) at Bic = 0.5 kg/cm2

0.6 0.18 o
0.06 0.10 -0.08
0.012 . e
ACU Specimens (K, = 0.5) at Eic = 0.5 kg/cnm®
0.6 -0.01 e
4 0.06 -0.03 -0.02
0.012 e s
ICU Specimens (K& =1) at Eic = 6.0 kg/cm2
0.6 3.45 -
0106 3.39 —0-06
0.012 3.5k4 +0.09
ACU Specimens (Kc = 0.5) at Gic = 6.0 kg/cm2
0.6 0.4l - !
0.06 0.45 +0.0L
0.012 0.35 -0.06




Table 10
Maximum Ei/Eé Values for Kc Ratios Used

o, /o
(7,/%),
K 0. =0.5kg/em® 5. =1.5kgfen” 0. = 3.0 kgfou" 5. = 6.0 kg/cm®
¢ lc : 1lc i lc i 1lc
Buckshot Clay
1 6.13 3.28 2,87 2.63 ,
0.67 TdT 3.64 3.04 2.68 3
: 0.5 8.59 3.96 3.06 2.70
EABPL Clay
L 1 3.63 2.58 2.35 2.23
2
. 0.67 3.51 2.51 2.33 2.24
0.5 3.73 2.79 2.23 *

G

* Test not performed.
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APPENDIX A: DERIVATION OF EQUATION USED TO CORRECT SPECIMEN
CROSS-SECTIONAL AREAS FOR BULGING

1. The derivation of the equation used to correct specimen cross-
sectional areas for localized bulging and the effects of corrections on
deviator stresses computed assuming that specimens remain cylindrical in

shape during axial loading are given in Figure Al.




T e ————

corr

DETERMINATION OF A!

corr

SINCE

OR

b
b = s = AL
2 c
e R L
C <
- C_
L=fmer
L= =< (1-2€)
A L
' =M s T8
corr 2 2
ACLC C
e = = elit = 26
A

A _
cofr 1'=2€

WHEN BULGING IS CONFINED TO CENTRAL

HALF OF SPECIMEN

FOR THE CASE WHEN BULGING IS CONFINED TO THE CENTRAL TWO-THIRDS

OF THE SPECIMEN:

;L o C
corr T 1 - 1.5€
100
BULGING IN
CENTRAL 2/3
e =15
90 —
32
\”-w
ol BULGING IN
ok= CENTRAL
A HALF ¢ =2
80 [~
70 L
o 10 20
AXIAL STRAIN €, %
Figure Al.

= RATIO OF AREA CORRECTED USING THE

USUAL ASSUMPTION OF A CYLINDRICAL
CROSS-SECTION MAINTAINED DURING
SHEAR TO THE AREA CORRECTED AS-
SUMING LOCALIZED CENTRAL BULGING.

IT IS THEREFORE THE RATIO OF THE
DEVIATOR STRESSES BASED ON LOCALIZED
BULGING TO THOSE COMPUTED IN THE
USUAL WAY,

Effects of localized bulging on computed deviator stresses




APPENDIX B: TAYiOR'S METHOD OF DETERMINING ACU

STRENGTHS FROM ICU TESTS

#
1. Figure Bl illustrates Taylor's method2 applied to the iso-
tropically consolidated Buckshot clay specimen having Eic = 6.0 kg/cm2

(test 14). During undrained shear, Eé/gi values decreased until

S
NOTE. FAILURE TAKEN
AT (G- 03)yax
2 : . Lol e T 5 - /
/{”
N Ke
b3 oR A
- I R B W 5 S O N0l
x 5
" i 6 KZ 0
r ‘ OR ==
P Gee F = o.67 18.5°
w VS R Ke4—
& ‘ Gee F2 |
w2 —t T 4= S G A VS —
. ‘ T e . e S
- FAILURE CIRCLE 7 f |
o EFFECTIVE STRESSES —_ / s ' N FAILURE
! . ‘ /: /G =0.67 // CIRCLE
IR . = s | e = NENCA ) o TOTAL ]
1 A G0 =05 47 A STRESSES
/| /| | ?
g £ || l / j
| / | / 45°+8/2 | / “
) ‘ (] | i
o [ 2 3 4 | 5 6 T 8 9
gl NORMAL STRESS T, KG/CM2
-—— O, FOR K, 0.5 —
fe———————————6,,5G;, =0, — ———————
Figure Bl. Taylor's method for determinin T versus O envelopes
g fe

for Kc = 0.5 and Kc = 0.67 based on test on isotropically consoli-

dated Buckshot clay specimen having E-C = 6.0 kg/cm2 (test 14)

i
(o -0 ) was reached. Since Taylor assumes that o./0, at any
1 3/max B X
point during undrained shear represents the starting conditions for a

0.67 and

Eé/Ei = 0.5 were drawn and the corresponding effective normal stress

test consolidated to that ratio, Mohr's circles for 35/5; =

values on the failure plane ;} plotted versus the shear stress on the

*¥ Raiced number refers to similarly numbered item in the References at
the end of the main text.

Bl




failure plane at (ol - 03) . These points locate a point on the
max .
appropriate shear stress on failure plane at failure Tep Versus effec-

tive normal stress on failure plane prior to shear 9oa envelope. In

practice a plot of effective normal stress on the failure plane versus

03/0l ratios can be made (Figure B2) and the Teop versus ch points

may be plotted directly.

g T T R T T
BUCKSHOT CLAY EABPL CLAY
[ 20.67 K.=0.67
N,
ARE CIRCLED

G.=6.0KG/CM2

&9
G.=6.0kG/cM2

|
|
|
s i ]
! K. =0.5
! b
I| NOTE: TEST NUMBERS fenos
|
|
|
|
|
|
|
|

)

Bl e

EFFECTIVE NORMAL STRESS ON 60° PLANE, KG/CM2
w

|
|
|

2 | =
| 3.0KG/cM2
|
! <
] e ] \q
I =0 .5KG/cM2 'ﬂ@

l t 1.5KG/Ch 2
|
l .

<

| —O0— 0.5kG/cm2 O— g
| 0.5KG/CM

° |

1 2 3 4 s 6 10 ) 20 25

EFFECTIVE MAJOR PRINCIPAL STRESS RATIO G,/Gy
Figure B2. Effective normal stress on 60-deg plane versus effective

major principal stress ratio during undrained shear of isotropically
consolidated specimens of Buckshot and EABPL clays

B2
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APPENDIX C: NOTATION

Material parameter; intercept of a straight line; recip-

rocal of initial tangent modulus

Skempton's A pore pressure parameter;
A= (M - Ac;3)/(1ml - Ao3)

Skempton's A parameter at failure (i.e. at (ol - 03) )
max

where A = (Au - Ao3)/(Aol = Ao3)
Specimen cross-sectional area prior to consolidation
Anisotropically consolidated-undrained during shear
Material parameter; slope of a straight line
Skempton's B pore pressure parameter; B = Au/Ao3
Consolidated-undrained
Initial tangent modulus
Isotropically consolidated-undrained during shear
Effective principal consolidation stress ratio;
Kc 3 O3c/olc
Effective principal stress ratio at (o -0

1 3 -

Effective principal consolidation stress ratio for no
lateral strain

Liquid limit
Undrained strength; s = (o, - 0o 2
i u ( L 3)max/

Ratio of undrained strength to vertical consolidation
stress

Pore pressure
Pore pressure prior to shear
Volume

Parameter of volumetric strain due to (3' ).
oct/,

Parameter of volumetric strain due to (;' )
oct/q

Change in volume

Change in volume due to anisotropic consolidation
Change in volume due to isotropic consolidation

Axial strain in undrained shear

Rate of strain




-

al

Axial strain during consolidation

Normal stress

Deviator stress; 03 = ol - 03

Deviator stress due to anisotropic consolidation
Major principal stress

Intermediate principal stress

Minor principal stress

Deviator stress; o, - o, =0

1L 3 d
Maximum deviator stress

Effective normal consolidation stress

Effective normal stress on failure plane

Effective normal consolidation stress on failure plane
Mean effective consolidation stress;

(E;ct)c P (Eic = Eéc ¥ Géc)/3

Effective major principal stress

Effective intermediate principal stress

Effective minor principal stress

Effective major principal or vertical consolidation
stress

Effective intermediate consolidation stress

Effective minor principal or lateral consolidation
stress

Maximum past vertical effective consolidation stress
Effective principal stress ratio
Maximum principal stress ratio

Shear stress

Shear stress on failure plane at failure, i.e. at

e

Octahedral shear stress during consolidation;

& R TR R R
toct)c, - §Eolc % °3c) i (olc W °2c) 43 (°2c i cY3c) ]

Angle of internal friction

Effective angle of internal friction
c2
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