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ABSTRACT

Stability and deformation problems involvirg the undrained
shear of deposits of saturated clay require determination of one or
more of the following parameters: the in situ undrained shear
strengths (su); the effective stress parameters defining the Mohr-
Coulomb failure envelope (¢, ¢); Skempton's pore pressure para-
meter (A ), and a stress-strain relationship (modulus E or a
stress-strain curve). An accurate prediction of these parameters
from the results of field and/or laboratory shear tests requires:

1. Testing of samples which have the same properties
as the in situ clay;

2. Performance of shear tests which have the same
stress system, rate of strain and environment as
will be imposed in the field, i.e., measurement of

the correct soil parameters.

This study investigates one phase of the overall problem of
determining in situ properties, namely, the effects of stress system
variables on the undrained shear behavior of saturated clays. Stress
system variables refer to the direction and relative magnitude of the
three principal stresses during consolidation and during shear. The
report reviews and analyzes previous work in the area and presents
the results of an extensive series of consolidated-undrained triaxial
tests with pore pressure measurements on normally consolidated
Boston blue clay prepared from a dilute slurry,

The effects on undrained shear behavior of the following
topics are considered in detail: anisotropic consolidation, per-
fect sampling, the infermediate principal stress, and rotation of
principal planes during shear. These variables are shown to have

a significant influence on most of the strength parameters and such




effects should be taken into account in important stability and defor-

mation problems.

The ¢ = 0 (totai stress) method of stability analysis
commonly assumes an unique in situ undrained shear strength, Data
in the report show that this will not generally be true because the
in situ mode of failure (i.e., stress system) can have a pronounced
effect on undrained shear strength. For normally consolidated clay
deposits, the in situ strength for a strutted excavation or an embank-
ment can be far less than that for a vertical cut or that obtained
from an uncoafined compressicn test on a ''perfect sampie,"

The reported success of the ¢ = 0 analysis is questioned

1

M Cause:

1.  The methods commoniy used to determine S such
as the field vane, the unconfined compression test,
and the consolidated-undrained triaxial test, seldom

yield consistent results;

2. The above methods rely upon compensating errors

for their success in many instances.

Section 5.3 of the report presents a detailed illustration
of the problems associated with a ¢ = 0 analysis for several types
of field cases, It is emphasized that the analyses involving im-
portant structures should not rely solely on the results of unconfined

and/or field vane tests.

Additional research on means for coping with sample dis-
turbance and on the influence of the in siiu stress system is required
before the engineer can select with confidence strength parameters
for undrained shear. In particular, laboratory shear testing pro-
grafns should consider the value of K at consolidation, the inter-
mediate principal stress at failure, and the direction of the major
principal stress at failure relative to its direction after consoli-

dation (i.e., rotation of principal planes).



FOREWARD

The work described in this report was performed under
Contract No. DA-22-072-eng-330 entitled '"Research Studies in
the Field of Earth Physics'" between the U.S, Army Engineex
Waterways Experiment Station and the Massachusetts Institute of
Technology. The research is cosponsored by the U.S. Army
Materiel Command under DA Projects 1-V-0-14501-B-52A-30,
"Earth Physics (Terrain Analysis)," and 1-V-0-21701-A-046-05,
""Mobility Engineering Support,” and by the Directorate of Remote
Area Conflict, Advanced Research Projects Agency, under the
""Mobility Environmental Research Study,”"” ARPA Order No. 400.

The general objective of the Research in Earth Physics
is the development of a fundamental understanding of the behavior
of particulate systems, especially cohesive soils, under varying
conditions of stress and environment. Work on the project, initi-
ated in May 1962, has been carried out in the Soil Mechanics
Division (headed by Dr. T. William Lambe, Professor of Civil
Engineering) of the Department of Civil Engineering under the
supervision of Dr. Charles C. Ladd, Associate Professor of Civil

Engineering.

This report presents only one portion of the overall
research being conducted under the contract. Phases currently
under investigation are:

1. In Situ Strength and Compression Properties of Natural
Clays.

a. Effects of sample disturbance (i,e., excessive
shear strains) on the undrained strength,
stress-strain modulus, and one-dimensional
compreassion behavior of natural clays,
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b. Effeets of stress-system variables {anisotropic
consolidation, intermediate principal stiress,
rotation of principal planes) on stress-strain

behavior of ¢lays during undrained shear.

2.  Influence of Environment on Strength and Compression Pro-

perties of Soils,

a. Effect of high vacuum and temperature on the

propertics of granular systems,

b. Effects of natural cementation and type of pore
fluid on the strength and compression properties

of saturated clays.

¢. The strength of clays at very low effective
stresses and especially the nature and magnitude

of ""true cohesion."
3., The Structure of Clay.

a. Nature and magnitude of interparticle forces in clay-

water systems.
b. Fabric of kaolinite

Many of the above topics complement and/or draw irformation from
other research projects in the Soil Mechanics Division. These
include support from the Office of Naval Research and The National
Science Foundation (Grant G-19440)},

This report was written by Professor Ladd with the assistance
of Mr. Julius Varallyay, former Research Ass.stant in the Soil
Mechanics Division, Mr. Varallyay performed the experimental work
presented in Chapters 3 and 4. Mr., Paulo da Cruz, former Research
‘Assistant, and Mr. William A, Bailey, Research Assistant, ran the
triaxiai tests on the Vicksburg Buckshot and Kawasaki clays reported

in Chapter 2.

This report is Part Il of Phase Report No. 1, Partl,

entitled "Stress-Strain Behavior of Saturated Clay and Basic Strength

-5~



Principles" by C. C. l.add, was submitted in April 1964, It pre-
sented a simplified picture of the strength behavior of clays for use
as a framework with which to study the properties of actual clays
in terms of deviations from this idealized picture., In essence,
Part I presented the background material requ ed for the presen-
tation, analysis, and comprchension of the experimental data and

conclusions presented herein.
Pertinent reports issuecd under this research contract are:

1. "Research in Earth Physics, Progress Report for the
period June 1962 - December 1962," Department of
Civil Engineering Publication R63-9, M.I.T., Feb,
1963.

2. Ladd, C. C., "Stress-Strain Behavior of Saturated

Clay and Basic Strength Principles,” Phase Report
No. 1, Part 1, Department of Civil Engineering Publi-

cation R64-17, M.I.T., April 1964,

3. Bromwell, L. G., "Adsorption and Friction Behavior
t

of Minerals in Vacuum," Phase Report No. 2, Depart-
ment of Civil Engineering Publication R64-42, M.I.T.,

March 1965, (In press).

4, Bailey, W. A., ""The Effects of Salt on the Consoli-
dation Behavior of Saturated Remolded Ciays," Phase
Report No, 3, Department of Civil Engineering Publi-
cation R65-19, M.I.T., May 1965. (Submitted for
review in May 1965).
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CHAPTER 1

INTRODUCTION”

1.1 TYPES OF PARAMETERS AND TEST METHODS FOR
STABILITY AND DEFORMATION ANALYSES FOR
UNDRAINED SHEAR
Among the most difficult problems facing the civil engineer

are those involving the stability and deformation of deposits of satu-

rated clay. Examples include the bearing capacity and settlement
of footings, trafficability, the stability of cut slopes, stress dis-
tribution in layered deposits and the factor of safety of excavations
against bettom upheaval. Realistic predictions of field behavior
are often difficult on two counts: lack of an appropriate method of
analysis; and the problem of selecting the appropriate soil para-
meters to plug into the theoretical analyses. For example, the
theory of elasticity is used for the solution of many stress distri-
bution and soil deformation problems even though the soil engineer
knows that soil is not an isotropic, linear-elastic material. More-
over, the difficulties in selecting an ""elastic modulus" for these

computations are formidable (Ladd, 1964),

An oil tank constructed on a deposit of soft saturated clay
(Fig. 1.1) is used to illustrate the types of soil parameters and
test methods which might be employed in analyses for stabiiity and
deformation. If the tank is filled rapidly, so that no water drains
from the clay deposit, analyses and parameters of inlerest to the

civil engineer include:

Appendix A lists notations used throughout the report.

-17-
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The factor of safety (F.S,) against rupture using
a'¢ = 0" analysis (Skempton, 1948), which re-
quires a determination of the undrained shear
strrength, 8,y which existed in situ prior to filling
of the tank;

An cstimate of the immediate settiement (due to

strains during undrained shear), requiring a
knowledge of a stress-strain modulus, E,”

If the above analyses indicate instability and/or excessive

settlements, the tank might be filled in stages in order to allow for

the partial consolidation and an increase in the undrained shear

strength,

3.

In this case, the engineer might want to know:

The relationship between consolidation pressure
and undrained shear strength in order to perform
a total stress stability analysis;

The effective stress parameters c and ¢ de-
fining the Mohr~Coulomb failure envelope and
Skemptuii's (1954) pore pressure parameter A

in order to perform an effective stress stability
analysis utilizing values of pore water pressure
measured in the field. (Bishop and Bjerrum,
1860, present an excellent discussion on the use
of effective stress stability analyses and its re-
lationship = .otal stress analyses; Lambe, 1962a,
has discussed some of the problems of predicting
and interpreting pore pressures in the field.)

In summary, those soi! parameters of interest are:

" One might also employ Lambe's (1964) stress path method
which uses strains measured in CU triaxial tests subjected
to the in situ stress increments (computed from the theory
of elasticity).

-18-



s = undrained shear strength, both prior to

and during filling,

o
o
o
o
&
"

cohesion intercept and friction angle de-
fining the failure envelope for undrained

shear,

A = pore pressure parameter for undrained

shear,
E = stress-strain modulus for undrained shear,

The test methods used to obtain these parameters are varied;
a partial listing of some of the more common methods is given in
Table 1.1. Unfortunately, the different methods that are employed
to find a given parameter often yield conflicting results. Examples

of this are illustrated below.‘?

The three most common methods of estimating the insitu S,
are field vane tests, unconfined compression (or triaxial UU) tests
on "undisturbed" samples, and consolidated-undrained (CU) triaxial
tests on "'undisturbed" samples where the specimens are consoli-
dated with the in situ stresses. An analysis of numerous cases

from all over the world showed the following:

1. For 20 cases outside Norway " on all types of
clays, comparing field vane to unconfined com-

pression and triaxial UU on typical tube samples:

s, (U and UU)

s {feldvane) - 0.7(0.4t01.0)

it
u

Bishop and Bjerrum (1960) emphasize those cases where
test methods are consistent and apparently yield good
estimates of field behavior.

Vold (1956) reporte that unconfined compression tests yield
slightly higher strengths, on the average, than the field
vane for normally consolidated and slightly overconsolidated
clay deposits in Norway.

-19-
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2,  For ll cases from throughout the world (Table &
of Ladd and Lambe, 1863}, comparing unconfined
compression and triaxial UU to consolidated-
undrained triaxial tests on specimens isotropically
consoelidated to the overburden pressure (CIU tests
with 5(,‘ = Evo)’ both run on tube samples:

s (U and UU)
u = 0,66 (0.4 to 1.0)

SU(CIU, a3, = O’VO)

A most striking example of possible discrepancies is found in strength

data obtained on the Leda clay fron. Ottawa, Canada. For clay at a

depth of 55 to 60 feet, Coates and McRostie (1963) report:

Type of Test and Sample S, (tons,/ft2)
1. Field vane 0.85
2. Unconfined compression and triaxial UU
a. 2 in. dia. open drive 0.6
h. 3.4 in, dia. fixed piston 1.1
c. block sample 1.6

3. CIU triaxial consolidated to overburden pressure

a. 2 in, dia. fixed piston 0.9
b. N.G.I. piston samplcr 1.35
¢. bloeck sample 1.65

The clay 1s overconsolidated, moderately plastic, and very sensi-
tive with a high liquidity index. The strengths varied from 0.6 to
1. 65 depending upon the type of test and the typc of sample. How-
ever, engineering practice often assumes that any one of these
methods would yield the in situ s.rength. Some of the reasons for
the wide range in measured strergths are discussed in the next

section.

The other strength parameters are also subject to wide

variations depending upon the methods used to obtain them. As

-920-



examples, Bjerrum and Simons {1960) discuss the factors influ-
encing ¢, Af and Su'}EVO for pormally consolidated clays; Lambe
(1962a) illustrates the problems in measuring the pore pressure
parameter A; and Ladd (1964) shows the large effects that type of
test have on measured values of the stress-strain modulus E.

1.2 FACTORS INFLUENCING STRENGTH PARAMETERS
FOR UNDRAINED SHEAR
The general requirements for accurately measuring the
strength parameters of a natural clay during shear are:

1. Performing tests on specimens having the same
"soil structure" (Lambe, 1958), and hence engi-

neering properties, as the in situ clay;

[\]

Performing tests on specimens in a manner to
ensure that the stress system, time, and environ-
ment (temperature, pore fluid characteristics,

etc,) are the same as will be imposed in the field.

Some of these requirements are spelled out in moe detail in Table
1.2, which lists the factors influencing strength parameters mea-

sured with undrained triaxial tests on samples of clay.

Examples of how the common types of shear tests fail to
meet the basic requirements of simulating in situ strength behavior
are:

1. The field vane may test a specimen having the insitu
water content, preshear stress system, and en-
vironment (and hence soil structure) but tiie stress
system commensurate with a vertical, cylindrical
failure plane and the rapid strain rate hardly dupli-
cate the mode of failure and rate of shear usually

found in the ficld;

2. The unconfined compression test wouid usually

have the in situ water content and an anisotropically



consolidated *ris ial compression test mizht
duplicate the in situ preshear stress system,
but these tests have little else in comm on with

a clay element sheared in the field.

3. An elaborate plane strain shear device might
duplicate an actual stress system in the field,
but any disturbance in getﬁing a sampie from the
ground into the laboraiory equipment would pre-
clude testing a sample having the same properties

as the clay in the field,

1t 1s obviously impossible to exactly reproduce field behavior
in a laboratory test., On the other hand, it is not necessary to dupli-
cate {ield behavior in every respect in order tc arrive at parameters
to use in most engineering analyses. There is a question, however,
as tu which of the many field conditions must be duplicated, at least
approximately. in order to cbtain reasonably accurate parameters.
Current knowledge is wholly deficient regarding the most important
variables, the errors to be expected, 2~d the steps which can be

taken in order to arrive at reasonable answers.

Table 1.2 lists the major factors (sample d°- uarbance, stiress
system, time and environment) effecting sirengtli behavior. Sample
disturbance has lately received increased attention (L.add and Lambe
(1963), Ladd (1964), and Seed, Noorany and Smith, 1964) regarding
its affects on values of 5, and E and possible means of correcting
for it, but much is yet unknown. The influence of time has been
studied extensively; for example, Casagrande anud Wilson (1951),
Bjerrum, et al (1958), Crawford (1959), and Richardson and Whitman
(1963) on strain rate effects; Moretto (1948) and Mitchell {1960) on
thixotropy; and Ladd (1961), Wissa (1961), and Bjerrum and Lo (1963)
on effects of aging, The impo.-tance of environmental effects have
been illustrated by: Ladd (1961), Mitchell and Campanella (19€3, and

titchell (1964) on the effects of temperature changes; Samuels (1950)
Bjerrum and Rosenqvist (1356), Leonards and Andersland (1960),
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Ladd (1961), Bailey (1961), Wissa (1961), and Olson (1963) on the

effects of salt concentration and/or cation valency,

The influence of stress system, at least with saturated clays,
has probably received the least amount of attention, The next two
sections illustrate the different types of stress systems and pre-
sent the scope of the experimental program on the effects of stress
systems on the undrained strengih behavior of normally consoli-
dated Boston blue clay.

1.3 STRESS SYSTEM VARIABILES (see Part | of this report

for additiona. background information)

Stress system includes both the stress system existing
prior to shear and the stress system applied during shear. In turn,
stress system means the direction and relative magnitude of the

three principal stresses,

The stress system prior to shear is that resulting from the
consolidation stresses. The two most common types of stress con-
ditions obtained in the laboratory are isotropic consolidation {equal
principal stresses) and one-dimensional consolidation, such as in
the standard oedome:er test., In the latier test, the ratio of the
horizoental to the vertical consolidation pressure* is called the
coefficient of carth pressure at rest, i.e., Ko = Ehc-’;;; . For most

? C
normally consolidated clays, Ko equals 0.6 £ 0,2 andvis approxi-
mately related empirically to the friction angle by Ko =1l-sin ¢.
The value of KO increases with rebound and becomes greater than
unity at overconsolidation ratios exceeding about 3.5 £ 1. The
variation inl I,<o with overconsolidation ratio for three clays is shown

in Fig. 1.2.

The three basic types of stress systems that can be applied

One should correctly use consolidation stress rather than
consolidation pressure,

" Brooker and Ireland (1965) present an excellent article on
the influence of suil type and stress history on the value
of K .
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during shear, which depend upon the relative magnitude of the applied
intermediate principal stress Aaz, are presented in Fig, 1.3. These
are: 1) triaxial compression where Ag, = Aa,;; 2) triaxial extension

2

where Ag, = é".\cl; and 3) plane strain where A62 is intermediate

between Ag, and Ag, and where all strains in the soil are parallel

1 3
to the plane of AGI and Ac3.
Stress systems typically encountered in the field are illus-
trated in Fig. 1.4 for a normaily consolidated clay with I{o stresses

5 03 acts in

s0 that 0 initially acts in the vertical direction and o
the horizontal direction. Let us look at what happens during

undrained shear,
Case {(a). Under center line of a circular footing:

The vertical stress increases more than the horizontal
siresses increase and the directions of the principal stresses remain

unchanged. The applied stress system is that of triaxial com-
).

pression (02 =0,
Case (b). Under center line of a circular excavation:

The vertical stress decreases more than the herizontal
stresses decrease so that the horizontal stresses could eventually
exceed the vertical stress. If such occurred, the soil would be in

a state of triaxial extension (o, = crl). Moreover, there would be a

2
rotation of principal planes since the major principal stress now acts

in the horizontal direction.
Case (c). Under center line of a strip footing:

This case is similar to that of Case (a), except that the
increase in the longitudinal stress (Acx) is larger than the increase

in the tranver se stress 'fAcy). The soil is in a state of plane strain

with the major principal stress still acting in the vertical direction,
As failure is approached, the intermediate principal stress{iongi-
tudinal stress) wouid be approximatzly equal to the average of the
other two principal stresses (Henkel, 1960b).
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Case (d)\. Behind a retaining wall with a passive pressure:

This is another case of plane strain, but with a rotation of

the principal planes since the major principa! siress becomes equal

to the tranversce stress,

If the clay in Fig., 1.4 had been heavily overconsolidated with
[\'D greater than unity, Cases (a) and (¢) would have exhibited a rota-
tion of principal planes since 0] WOue .uve acted in the horizontal
direction prior to shear and in the ver..cal direction at failure.
Conversely, ) would always act in a horizontal direction in Cases
(b) and (d).

The purpose of this report is to show how the stress system,
both at consolidaticen and that applied during shear, influences the
undrained strength behavior of saturated clay. Data will show, for
example, that the undrained sirength of a normally consolidated clay
element under the center line of a circular footing (Case (a), Fig.

1. 4) may be two to three times larger than the values of s, for a
clay element with identical consolidation stresses but sheared under

the center line of a circular excavation (Case (b), Fig. 1.4).

The above behavior is illustrated by the hypothetical stress
paths presented in Fig. 1.5. Clay has been normally consolidated
with KO = 0.5 to point A' (Evc = 1. 50, Ehc = 0.75). There is a static
pore pressure of 0,50, so that the total stresses are represented
by point A(e =2.00, o, =1.25). The clay element sheared un-
drained to failure under the footing has a total stress path AB; the
effective stresses Ev and Eh are show'n l')) the path A'B'. At
failure, (o - qh)f = BE = (Ev;ah)f =BE = (0 -~05) =1.05,

The clay element sheared undrained to failure under the
excavation has a total stress path AC and an effective stress path
A'C'. When these paths cross the K = 1 line, the horizontal stress

is larger than the vertical stress and the directions of the major

H

and minor principal planes have rotated by 90°, At failure (oh = crv)f

CF = (Eh -Ev)f = CF = (0-1 -as)f = 0,40, The ratio of undrained
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strengths is therefore equal to 1,05/0,40 = 2, 62.

1,4 SCOPE OF EXPERIMENTAL INVESTIGVATION

A series of consolidated-undrained triaxial tests with pore

pressure measurements (CU tests) are run on normally consohdated

samples of saturated Boston blue clay. The principal variables are,

1., Value of K

a, K=1(g =g )

ac  “rc
b. K=K (6. >0 )
o ‘"ac ~ “re
T l’ = - < -

c. K=1/K (o, <o )

rc

2. Value of 02 at failure

a. @,=0,= 0 (failure in compression)

b. Oy =0, %0 (failure in extension:

3. Effect of perfect sampling (release of K_stresses
followed by failure in compression)

Secondary variables are:
1. Value of major principal consolidation pressure alc

2. Stress controlled versus strain controlled undrained
shear.

Figure 1.6 shows the different consolidation stresses and

total siress paths used in the investigation, for a given value of

0).- The initial portion of th.e paths has been drawn at an angle of

45° (i, e., Ac_ = -Ag, during undrained shear) in order to illustrate

the general direction, and does not represent the actual path.
types of tests are:

ot
3

o, and . refer to axial and radial stresses.

" Section II B 2 of Part I of this rep- ~ has already explained
that for a given value of (&g, - Ao,), the actual magnitude of
the change in the smaller oflthe two stresses applied durmg
shear has no influence on effective stress behavior as iong
as Skempton's B parameter is equal to unity,
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. ClucC: compression test on isotropically con-
solidated sample,
2, CIuU. extension test on isowropically consoli-

dated sample,

3. CT{:LEC: compression test on KU consolidated
sample.
4, CKQU RE: extension test on KO consclidated sample

(O‘r increased and/or o_ is decreased

until failure is reached).

[#3}

c /K JUE: extension test on 1/K | consolidated (i.e.,

o is preater than g ) s: le.
.. is grea an g, ) sump

6. C(I;’I(O)U RC: compression test on 1,/KO consolidated
sample (oa is increased and/or g, is

decreased until failure is reached).

7. C(K )-UU: compression test on "perfect’” sample
after KO consolidation. Perfect sampling
denotes an undrained release of KQ
stresses to attain an isotropic state of
stress (Ladd and Lambe, 1963).

Some of the above tesis duplicate possible field conditions {CKOU C

and u\ot RE tests represeuts Cases a and b in Fig, 1.4) or

triaxial UU compression tests on perfect samples (CK0 -UU tests).

The CIU C test is the most common type of triaxial test run in the
laboratory. The other tests were selected in order to investigate

the effects of o, on strength behavior, and represent the extreme

2
case of extension stresses during consolidation and/or shear. It

would have been preferable to run plane strain tests, where o, is

s

between 9 and . but equipment for such tests was not availabie,

ote

" Tests employing plane strain and simple shear are planned
for the future
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It 1s thought, however, that the results of plane strain tests might

lie between those from the compression and extension tests,
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TABLE 1.1

DETERMINATION OF STRENGTH PARAMETERS
FOR UNDRAINED SHEAR OF SATURATED CLAY

Pafameter - Type of Analysis Methods of Determinaticn
Empirical 1. P.I.ﬁ vs. Su/cvo = c/p
. . 2. Field vane
In situ Total stress Field 3. Cone penetration
i o 4. Split-spoon penetration
undrained analysis for - ——
5. Uncontined compression
shear undrained shear Lab e Trr:xgxxal b ,
vu g g{hmatur‘e tvaz:g
, & = : . Cone penetraticn
strength, (¢ = 0 analysis) DR ngisies -
. G. ~“riax:al CU
u LC?,? 11. Direct shear CU
i 12. Simpie shear CU
Effective Effective stress Lab é g?iaxialht'ﬂ' rolil
stress analysis for CU 3 S.lre(it shear ==
envelope for undrained and/or JeCliey toal i1 cU
undrained _ partially drained Lab 4. Triaxial CD
shear, c, ¢ cases Feio) 5. Direct shear CD
B 6. Simple sheur CD
Effective stress
, analysis for un- N T
Po:e p ;teeisuze drained shear or Ia_a%) Lo UEeedel Cib
param ’ for settlement
analyses 7
Empirical 1, E =(200-400)s
Stre,ss-swam Field 2. Plate bearing -
modulus, Lab 3. Unconfined compression
E uu 4. Triaxial LU )
Lab CU 5. Triaxial CU
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TABLE 1.2

FACTORS INFLUENCING STRENGTH PARAMETERS
FOR UNDRAINED SHEAR OF SATURATED CLAY

Type of Test Parameters
. -
Triaxial UU S’ E
Triaxial CU S, c, ¢, A, E
Factor Variable Type of Test
Preshear:
Sample 1, Effective stress 1. Uu, CU
Disturbance 2. Water content 2. UU, CU
Preshear: B
i. Total stress level uu
2. Eilfective strecs level 2. cu
3. Effective stress ratio, K 3. CU
Stress AT o ¢
System uring She.
4, Total stress level 4, UU, CU
5. Value of o, 5. UU, CU
6. Rotation of principal planes 6. CU
7. Cyclic loading 7. UU, CU
Preshear:
1. At constant water content i, UU
(thixotropy)
2. At cunstaat cffective stress 2. CU
(aging)
Time Du.ing Shear:
3. At constant water content 3. Ju, Cu
(strain rate effects)
Preshear an.. During Shear:
. i. Temperature 1. UU, CU
Environment . —_—
2. Pore fluid composition 2. UU, CU
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Fig 1.3. Three Basic Types of Stress Systems

(@) Triavial Compression Ao, > AC, * A0y

Ao, = A0, Loading:
‘ Aoy is positive
Aopn= 0

Aoy, =00, A0  Unloading:
Ao, =0
Aoy, is negative

(b) Triaxial Extension - A0y = 80,> A0y

Acg, = Ocy Loading: N
Ag; is positive
Aoy =C

Aoy, = b0z =00;  Unloading:
Og, =0
Ao, is negative

(c) Plane Strain Ao, > 80, > A0y ; all strains in plane
of Ag; and Ao,

Looding:
Aoy is positive
AU'3 AG} =0

Unioading:
Aoy =40 dog; =0
Aoy is negative
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Fig.l 4 Typical Stress Systems in the Field for a Normally

Consolidated Clay (footings and walls are assumed
to have frictionless

(o) Under (:2nterline of a Circular Footing surfaces )
i 1 lq le;, At Failure
i lfve alf
! - o2 03¢ Ot
| U;sc =Ko &;c
Au, > AGy, (trioxial compression)

(b) Under Centerline of a Circular Excavation

At Failure
}__ ) —
-f::‘ O3¢
—
Oj¢ = B¢
i o .
; {triaxial extension)
(c) Under Centerline of a Strip Footing
| I! | lq le; At Failure
7 i *l* i &e O
N 2
% = 3t
8 2 Fhe=KoGie
% Ao, T2t
Ag, > Ay > 4oy (plane strain)
(d) Retaining Wall with o Possive Pressure
Ay =0 At Foilure
! 03
A
" %e
| Ohe® KoBie
/Ao; Ot
Aoy > Aoy > Ag; =0 (plone strai)
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Fig.1.5. Stress Paths for Clay Elements Under the

oy, ond &,

Vertical Total and Effective Stresses,

Centerline of a Circular Footing and a

30

2.5

Circular Excavation for Undrined Shear

Cose ~ Stress Pc*h -
) - ~4)
] Total | Effective | ~ ' " 3f
Footing AB A B BE=B'E'
Excavation | AC A'C CF=C'F'
Q
5]
" S
& /
X / B
1
/7 |
|
Al
&

E
After Consolidation, Point A
i Bye= e = 1.50

Y
_JC

/1 q‘ =K°&v°8

02,5 0.75

Z - 3.00 3¢
| Kte
0.5 10 .5 20 25 30

Horizontal Total and Effective Stresses, ¢, and &,
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Fig..6 Stress Paths Employed for Experimental
Program

CU Triaxial Tests on Normally Consolidated
Boston Bilue Clay

No. |Type of Test

¢l c
CIUE
C(Kou C
CTGIU RE é»

C(i/kU E &
CiAU RC 6
C(Ko) - UU & &

VPO D BN —

Axial Stresses, 0g, T

Radial Stresses, 0‘.@ . GW
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CHAPTER 2

REVIEW AN ANALYSIS OF PREVIOUS WORK ON THE
INFLUENCE OF STRESS SYSTEM ON THE UNDRAINED
STRENGTH BEIMAVIOR OF SATURATED CLAYS

2.1 BASIC STRENGTH PRINCIPL.E>

Part [ of this report presented a detailed explanation of the
following three principles:
Principle 1

For normally consclidated samples, or for overconsolidated
samples with the same maximum past pressure Ec‘m’ there is an
unique relationship between strength and effective stress at failure

(considering shear in compression and extension separately).

Principle I

For normally consolidated samples, or for overconsolidated
samples with the same maximum past pressure, there is an unique
relationship among water content, shear stress, and effective stress

(considering shear in compression and extension separately).

Principle Iil

For both normally consolidated and overconsolidated samples,
there is an unique relationship among strength, water content at
failure and effective stress at failure as expressed by the Hvorslev
parameters (considering shear in compression and extension sepa-

rately).

These principles were illustrated by data on the hypothetical

"Simple Clay," which showed that:

1. Maximum stress difference (c;1 -03) and maximum

obliquity of principal effective stresses 51/5. were

3
reached at the same strain in undrained shear tests;
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2. Drained and undrained shear tests yielded the same

effective stress envelope;

3. Effective stress paths for undrained shear after
anisotropic consolidation (CAU tests) followed
effective stress paths from undrained shear tests
on isotropically consolidated samples (CIU tests);

4. Volume changes during drained tests could be de-
duced from effective stress paths obtained from
CIU tests; conversely, stress paths for undrained
tests could be deduced from the results of drained

tests;

5. Compression and extension tests on normally con-
solidated samples yielded the same effective stress
envelope, but differences in pore pressure (CIU

tests) and volume changes (CID tests);

6. The principles only applied to tests wherein the
shear stress was always increased, i.e., the
application and removal of shear stresses were

not considered.

As stated in Part I of this report, the actual strength be-
havior of clays often deviates from these principles. This chapter
will look at the undrained strength behavior of actual clays as
effected by stress system (anisotropic consolidation, perfect
sampiing, the value of the intermediate principal stress, and
rotation of principal planes) based on information obtained from

previous studies at M.I[.T. and elsewhere.

(S

.2 EFFECT OF ANISOTROPIC CONSOLIDATION

o

.2.1 Theoretical ireatments

Principles I and II state that stress paths from CAU tests

should follow the stress paths from CIU tests and that water contents
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tos aaisolropic consotidation can also be obtained from resalts of
CIU tests (sece Figs. I1-13 and [1-14 of Part I). The hasis for these
principles was first proposed by Rendulic (1936) based on his tests
on the Wiener Tegel clay. It was then hypothesized by Taylor (1943,
footnote p. 387) and iater determined experimentally by Henkel
(1960a) for the remolded Weald clay. ¥ It has also been used by Lowe
and Kavrafiath (1960), The effect of anisotropic consolidation on the
andrained strength behavior of the Simple Clay is shown below {for

compresgion tests):

CIU Tests Ok U Tests
s /5. 0.299 9,250
' o le
A 0.945 2.01
¢ 23, 0° 23, 9°

and K_ = 1- sin ¢ = 0.608.

Skempton and 3ishop (1954) assumed that Af and ¢ were
unchanged by anisotronic consolida: mn o and thus could calculate

s s
A

the ratio S-!’;Elc for various values of K from the equation;

Sy [K+Af(1-K)] sin ¢

I 1+(_‘f-1) sin ¢

The equation assumes ¢ = 0 and that the direction of o, remains

unchanged. If Af and ¢ remain unchanged, then anisotropic

However, subsequent tests (Henkel and Sowa, 1963) on
the Weald clay showed significant discrepancies.

Hansen and Gibson (1948) also treated anisotropic con-
solidation, but employed the M\ theory.

See p. 32 of Part I for a derivation of this equation for
= 1. Fig. 1[-16 of Part 1 plots su/o ] versus 9 for
la d!\ =1- sm$andforA £ 0.5, 1.9 ana 2.0,
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consolidation increases SLI/EIC if A, is greater than one, has no
cffect if Af = 1, and decreases Su/alc if Af is less than one,
Bjerrum and Lo (1961 and 1963) suggested the use of the

following equation to correlate the results of CIU and CAU com-

pression tests (for Qg = 0):

(O -0 ) E 3
1__3._=[_-..1_-1] [1-(?—“—4—1—;{) (2.2)

. - c -
¢ 3 lc

SO |

Qf

(7, -05.,) T
1_ 3=[:1_-1][1-§£] (2. 3)
%1c - 93 - %ic

The first term on the right-hand side of these equations is called

the "strength term'" and the second the "effective stress term."

Equation 2.2 implies that for a given value of ['51/53 -1,
the values of (o -03),/51C and [1 - (Au/alC +1-K)] will be inde-
pendent of the preshear value of K. An analysis of the equation
shows, however, that such will be the case only if the pore pres-
sure parameter A is always equal to unity. This is illustrated in
Fig. 2.1 for a hypothetical clay with ¢ = 30° and KO =1-sin$ = 0.5,
The figures show that CIU and CKOU tests yield the same curves

only when A =1,0.

2.2.2 Experimental Data

The effect of anisotropic consolidation on the undrained
strength behavior of three remolded and three undisturbed normally
consolidated (N, C.) clays is summarized in Table 2.1, Plots of

" Unless otherwise noted, all tests were performed at M.I.T.
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consolidation pressure versus Ai’ and 54 and cffective stress enve-
lopes for these six clays are presented in Figs, 2.2 through 2,7,
Effective stress paths are shown for some of the tests run at M. 1. T,
Figure 2.7 for the Weald clay also contains data from CAU tests

on overconsolidated samples.

Figures 2.8 and 2.9 compare siress-strain curves for Clu
and CAU tests on normally consolidated specimens of the remolded
Boston blue clay and the undisturbed Kawasaki clays,

Other references containing information of the effects of
anisotropic consolidation are:

Broms and Ratnam (1963) - CU tests with isotropic and
anisotropic consolidation, employing a hollow cylinder
shear device, on rerinolded kaolinite;

Henkel and Sowa (1863) - CIU and CK U triaxial tests on
N.C. and O.C. remolded Weald clay; o

Ladd, (1965) - review and analysis of CIU and CAU tui-
axial test data on the six clays in Table 2,1;

Landva (1962) - CIU, CAU, CID and CAD triaxial tests on
N.C. undisturbed quick clay from Manglerud, Oslo,
Norway;

Lo (1962) - CAU triaxial tests on specimens of undisturbed
and remolded Mexico City ct

|

l

|

l

l‘ ! Lowe and Karafiath (1960) - CIU and CAU triaxial tests
| on compacted samples of core material for two dams;
l

|

l

schmertmann and Hall (1961) - CFS tests on isotropically
and anisotropically consolidated specimens of remolded
kaolinite and Boston blue clay;

Simons (19850) - CIU, CAU, CID and CAD triaxial tests

| on O.C. undisturbed samples of the Brobekkveien, Osln
ciay, but employing values of K corresponding to K _four
normally consolidated raih=r than overconsolidated speci-
mens;

Simons (1963) - summary of effect of anisotropic consoli-

dation on the effective siress envelopes of five undisturbed
clays;
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Whitman (1960) - quotes CIU and CAU {riaxial test
data on N.C. undisturbed samples of Boston blue clay
from Taylor (1855),
.2.3 OUiscussion
The test data on the six not mally consolidated clays in Table

2.1 show the following effects of anisotropic consolidation:

At (01 B GS)max.

1. The change in su;’?flc was generally small with a aaxi-
mum increase of 10% and a maximum decrease of 15%
(Table 2.1, Figs. 2.2 through 2.7);

2. The value of Af
(0.2 to 0,5) except for the remolded Weald and
Vicksburg Buckshot clays (Table 2.1, Figs. 2.2
through 2. 7);

decreased by a significant amount

3. The slope of the effective stress envelope ¢ de-
creased by 0 to 4° (Table 2.1, Figs. 2.2 through

2.7);

4. Tne strain at failure €, was considerably smaller,
being generally less than 1% versus 2 to 15% for the
CIU tests.

At (o, 03)'1{182{.

5. The value of q;’_]c was always decreased, often by
a substantial amount (Table 2.1, Figs. 2.8 and 2, 9),
indicating that anisotropic consolidation produces a
more sensitive structure;

6. The pore pressure parameter A generally increased

by a substantial amount (Figs. 2.8 and 2.9), and in

some cases even became negative [i.e., (G‘l - 03) be-
came less than (o) - 03) at consoclidation];

The value of ¢ was essentially unchanged (Table 2.1;

-]
-
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8. The value of Aa/gic + (1 - K) was higher in the CAU
tests, since q/glg was decreased for a constant

value of ¢.

in summary, for these six normally consolidated clays for
which CIU tests yielded su/Elc =0.29-0.4%, A= 0.80-1.10, and
¢ =24-37" [all at (o, -0
A, and ¢ at (0‘1-63)

; , anisotropic consolidation decreased
S)max.]v anisotropt olidation decreas

— and produced a more sensitive structure,
but had little effect on su/?}'1 . and on ¢ at maximum obliquity,

Figures 2.10 and 2.11 show that the terms in Eq, 2.2 are
highly dependent on the value of K and hence the assumption that
the relationship among shear stress, obliquity and effective stress
is unique is not even approximately valid, except possibly at maxi-
mum obliquity.

The preceding data have shown that natural clays, as opposed
to the Simple Clay, do not follow the strength principles regarding
the influence of anisotropic consolidation on undrained strength be-
havior. This fact is illustrated by the stress paths plotted in Fig.
2.12 from CIU and CAU trsts on the Kawsasaki clay. The stress
paths from the CAU tests obviously do not follow an extension of
stress paths from CIU tests, thus negating Principle II. Principie
I is generally valid at maximum obliquity but not at (cr1 - GS)max.
where CAU tests yield lower values of ¢. Moreover, the use of
Principle II to calculate values of A, and Su/glc ior CAU tests
from the results of CIU tests yields values of Su/;k: which are
generally much too low and values of A £ which are generally much
too high (the Weald clay in Table 2,1 is an exception), as shown in
Table 2.2, On the other hand, the use of Eq. 2.1 and values of Af
and ¢ from CIU tests do yield reasonable values of Su/alc due to
the fact that the errors in the assumed values of Af and ¢ are
partially self-compensating {Af too high causing an underestimate
of strength and ¢ too high causing an overestimate of strength).
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EFFECT OF PERFECT SAMPLING

2,3
2.3.1 Definitions and Equations
A sample of saturated clay is consolidated one-dimensionally
and exists under KO stresses so0 that: .
Vertical consolidation pressure = FVC
oavc‘

Horizontal consolidation pressure = Eh K
As was shown in Fig, 1,2, KO is approximately equal to 0.6 fer
normally consclidated clays and Ko becomes greater than unity (i.e,,
O becomes larger than Evc) when the overconsolidation ratio

exceeds approximately 3.5+ 1. Perfect sampling denotes an un-

c
drained release of the Ko shear stress to attain an isotropic state of
stress.

The isotropic effective stress after perfect sampling, Eps’
of a saturated clay which had vertical and horizontal consolidation
pressures of Ev . and Ehc = KOEV respectively can be derived as
follows: Let Acg v and Agy be the changes in vertical and horizontal

to achieve isotropic stress, so that:

total stresses
(80, ~Agy) = {0, -0y ) = -0, (1-K)
and let the resultant pore pressure change be Au. Define the pore
pressure parameter for unloading as Au where:
Au - Ach ,
Tl vy v by
v h
crh) = =0, (1 -Ko), Au = Aoy -A O (1 -Ko), the iso-
will therefore be equal to:

Since (Acv -A
tropic effective stress o

h

als
3

Increases in o, and o, are positive values of Ao, and Ag
and decreases are negative values of A.c}'V and Ach.
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ng - th+égh-au
=K o__-A (85 _-Ac)
o ve u G h
=0 K +A o ({1-K)}
ve o uve o
So =0, [E\0+Au(1-k0)] {2.3)

Equation 2.5 is valid for values of K() both less than and greater
than unity. Skempton (1961) and Seed, Noorany and Smith (1964)
present equations similar to Eq. 2.5, but their form of Au uses
Acl and Aos, which changes in direction when Ko becomes greater
than unity.

The relationship between Eps and Evc is illustrated in Fig.
2.13 for normally consolidated {(Point A) and highly overconsclidated
(Point B) samples of a hypothetical clay for three different values
of Au. The straight line from the origin to Point A indicates ¢ con-
stant Ko of 0.65 for normally consolidated clay; the curved line
from Point A to Point B shows an increasing value of KO as the
O.C.R. increases (KIo = 2.2 for O.C,R, =10 at Point B}, The
figure shows that gps / Fvc for normally consolidated clay will always
be less than unity for Au values less than one; the reverse is true
for overconsolidated samples with K =1, i.e., Eps/gvc will be
greater than unity for Au values less than one.

Prior to running a laboratory triaxial shear test on so-called
undisturbed samples, the clay must of course be removed from the
ground, taken to the laboratory, trimmed and finally mounted in the
test apparatus. Perfect sampling represents the best sample that
can be tested because no disturbance has been given to the sample

other than that involved with the release of the in situ shear stresses.

The perfect sampling process is also of interest in studying
the effects of rotation of principal planes, Figure 1.5 showed that
the clay beneath the center line of o circular excavation (effective
stress path A'C') crossed over the K =1 line (isotropic effective
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stresses) in the process of reaching failure., This type of undrained
shear therefore represenis a triaxial extension test on a ''perfect”

sample,

2.3.2 Experimentai Data

Data on vaiucs of A and Eps/EVC for several normally con-
solidated and cverconsclidated clays are presented in Table 2, 3,
(Bishop and Fienkel {1°03), Seed, Noorany and Smith (1964) and
Skempton and Sowa (1563) present additional data.) For normally
consolidated clays, Au generally equais +0.15 + 0.15. Since

KO = 0.6 + 0.2, the resulting value of the ratio of effective stress
after perfcct sampling to the vertical consolidetion pressure is:

opsfcvc = 0,66 (0,40 -0,86) .

As clays become overconsolidated, the values of both Au and K,

inerease and hence the ratio EpS;EVC increases. In fact, perfect

sampling of heavily overconsolidated clays can yicld values of "5“5

which exceed the vertical ccnsolidation pressure O,c

Tables 2.4 and 2.5 presert data on the effects of perfect
sampling on the undrained strength behavior for triaxial compression

for normally consolidated specimens of remolded Boston blue clay

and of undisturbed Kawasaki clays. The CAU tests are undrained
triaxial compression tests on anisotropically consolidated samples;
the CA-UU tests are undrained triaxial compression tests on perfect
samples., Figures 2,14 and 2.15 show stress paths and stress-strain
curves for CAU and CA-UU tests on the Kawasaki clay.

The data on the Boston blue clay and the Kawasaki clay are
summarized in Table 2.8. Similar data on undisturbed samples of
the San Francisco Bay mud (from Seed, Noorany and fmith, 1964}
and on remolded samples of the Weald clay (from Skempton and Sowa,
1963) are also summarized in this table,

2.3.3 Discussion

Perfect sam.ling had the following influence on the undrained

strength behavior of the four normally consolidated clays shown in
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Table 2.6, i.e., comparing CA-UU and CAU tests:

At (Gl - 63)max.

1. The undrained strength s, was decreased by 7%

(range = 2 to 10%);

N
-

The pore pressure parameter Af was decreased

by 45% (ranze = 22 to 76%);

3. The strain at failure €, wes increased by 2 to 3
fold (range =1.15 to 6.1 1imes larger),

4. The slope of the efiective stress envelope ¢ was

increased by 1. 1° (range = 0.6 to 1. 7).

At (517{’733)3133‘7 (BBC and Kawasaki only}

5. The shear strength was slightly lower (ave. de-

crease = 4 1+ 2%);
6. The effective stress envelope was unchanged.

In summary, perfect sampling causes a slight decrease in
undrained shear strength, has no influence on the effective stress
envelope at maximum obliquity and only a slight influence at (01 ‘GS)max.’
but causes a large reduction in the pore pressure parameter A ¢

2.4 EFFECT OF INTERMEDIATE PRINCIPAL STRESS

2.4.1 Theory

The undrained shear strength S, of an isotropically consoli-
dated saturated sample is related to consolidation pressure EF,
pore pressure parameier at failure A, and friction angle @ (for
c = 0) by {see Eq. 2.1, set K =1):

sin$
b : (2.6)
53 1+ (2A,-1) sin ¢

W
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The value of the intermediate principal stress ¢, during undrained

2
shear can therefore influence the value of Sy in two ways: by
changing the effective stress envelope and by changing the excess

pore pressure and hence A £

The Mohr-Coulomb failure criteria assumes that o, has no

effect on the failure envelope, wi. .eas other failure criterga, such
as the extended Tresca and the extended von Mises theories, predict
that ¢ will be increased by increased values of oy (see Hvorslev,
1960, for an extensive discussion of different failure criteria and for

a review of experimental data).

Henkel (1960b) has suggested a pore pressure equation in
terms of the octahedral stresses, rather than simply in terms of
changes in the major and minor principal stresses, to account for
the influence of O, On excess pore pressures:

AUI + Aaz +Ag

3

Ay = 3

+ a[(Acr1 - A02)2 +

(2.7)

{Ac -AGB)Z + (Ao --Acrg)z]]‘/:2

2 1

If the revised parameter "a'" is independent of Ao, the value of Au
for a given value of (Acl - Acg) will increase with increasing values
of Acz. As stated on p. 54 of Part I, the pore pressure parameter
A for extension tests will he equal to that for compression tests plus
1/3 at the same value of (A.cy1 -1.\.::3) if "a" is constant.

Juarez-Badillo (1963) has employed octahedral normal and
shearing stresses in his analysis of excess pore pressures in terms
of changes in stress difference for consolidated-undrained compres-
sion and extension tests on normally consolidated and overconsolidated
clays.

2.4.2 Experimental Data

The results of consclidated-undrained shear tests with pore

pressure measurements on saturated clays eniploying varying values
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of the intermediate principal stress are summarized below. Unless

otherwise stated, all tests were isotropically consolidated.

Taylor (1955) summarized the results of CIU triaxial com-
pression and extension tests on normally consolidated and over-
consolidated samples of undisturbed Boston blue clay (P.I, = 17-29%).
A valid numerical « omparison of the data is not possible because
the compression and extension tests were run on different batches
of the clay, although trends were established. For normally con-
solidated samples, the extencion tests yielded values of s, some
10 to 20% lower, but the same friction angle. Similar decreases
in S, occurred with cverconsolidated samples. but the effective
stress envelope =mppeared to be somewhat higher., Taylor concluded
that the decrease in Sy for the extension tests was caused ny an

increase in excess pore pressurcs,

Hirschfeld (1958) ran CIU triaxial compression and extension
tests on three normally consolidated undisturbed clays (an inorganic
clay with P.I, = 25% and two organic si.'y clays with P.I. = 24 and
28%). Values of S, for extension were 20 to 25% lower than those
for compression; there was too much scatter in the data to detect
any significant change in the friction angle

Parry (1960) reports the results of an extensive series of
CIU triaxial compression and extension tests on normally consoli-
dated and overconsolidated samples of remolded Weald clay
(wL = 43%, P.I. = 25%, mixing w = 34%)., These data are sum-
marized in Fig. 2.16. Extension tests produced undrained strengths
about 15% below those tailed in compression and increased Af by
0.23 + .05. The value of ¢ was unchanged for normally consoli-
dated samples, whereas failure in extension appeared to cause a
slight increase in the effective stress envelope of heavily over-
consolidated specimens. Axial strains at failure for the extension
tests were only about one-half of those which occurred in the com-

pression tests.
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Wu, Loh and Malvern (1963) performed CIU triaxial com-
pression and extension tests and CIU hollow cylinder tests with

varying values of g, on normally consoiidated samples of remolded

Sault Ste Marie cla)? (a glacial lake clay with w, = 52 - 56%,

P.1. = 2429% and mixing w = 40%)., Strength parameters for
extension and compression are shown in Fig, 2,17, Plots of S,
versus Ec and q, versus f)'f for all test data are presented in Figs,
2.18 and 2.19 respectively, These data presumedly represent con-
ditions at maximum stress differences, although they may also
closely approximate maximum obliquity because the soil is insensi-
tive. Table 2.7 gives average values of the various parameters
from tests having a consolidation pressure greater than 2.6 kg./ cmz.
Although there are considerable scatter in some of the data, the

following trends appear evident:

1. There is little effect of ¢, on su/'c?c until 52f
becomes appreciably greater than p = ('61+'63)f/2.
Comparing the extremes, the strength in triaxial
extension was 30% less than the strength in tri-

axial compression;

2. The friction angle remains unchanged unless the
test results of I1 and 13 are considered signifi-

cant;

3. Consequently, the decrease in 8, at very large

values of Oo¢

excess pore pressures.

is caused solely by increased

However, the results from the hollow cylinder tests may well have
been influenced by experimental problems (as stated by the authors
in their closure to discussion - ASCE, JSMFD, Vol. 80, SM2,

p. 165, March, 1964), For example, test series Cl (triaxial com-
pression) and Cla (hollow cylinder compression) should have
yielded identical results whereas measured values of su/EC and
Au/EC often differed more than did the resulis .rom the hollow
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cylinder tests wherein o, was varied appreciably.

Broms and Casbarian (1964) present the results of CIU hollow

cylinder tests, with widely varying values of g,, on normally con-

solidated remolded kaolinite (wL_ = 57"%, P.I, =225%, Activity = 0. 64,
mixing w = 48, 5%), These data are summarized in Fig. 2,20
wherein s /o, A, and $ are plotted against (0, - ag)y/(0y - ag), for
three values of consolidation pressure. The ratio (02 - 03)1.{(01 - 03)1.
expresses g, in terms of its location between ) and csf."' The
ratio is zero for triaxial compression (02f= 03f) and is unity for

triaxial extension (02f= clf)' The data show that as o,,. i rcaises

2f
from T3¢ (triaxial compression) to Oir (triaxial extension) 1) the

value of Af increases; 2) ¢ increases until o, is about halfway

2f
between o, and o, and then remains constant; and 3) su/Ec

remains approximately constant until o,, is halfway between o

2f 3f
and ¢ . and thep undergoes a fairly large decrease which reaches

25 + 5% when o, = Oir (triaxial extension).

2f
Bishop (1957 and 1961) quotes comparisons of effective stress
envelopes from CU triaxial compression and plane strain tests on
Ko consolidated samples of a compr~ied moraine (3% minus 2u).
The plane strain sample was 4 in. high by 2 in, deep by 16 in. long
(see Cornforth, 1964, for a detailed description). Values of $ were
2° and 4° higher in plane strain than in triaxial compression at
conditions of maximum stress difference and maximum obliquity
respectively, The cohesion intercept ¢ was ircreased by 1,7
and 1. 0 psi respectively. For plane strain, the value of 311. was

approximately equal to 0.3 (61 + Es)f.

Wade (1963) performed an extensive series of CU plane

strain tests (same equipment as above) on KO consolidated samples

" The above total stresses can, of course, be replaced by
effective stresses.



of remolded normally consolidated Weald clay and compared his

results with those obtained from CKOU triaxial compression tests
on the same soil (Skempton and Sowa, 1963), Relative to the tri-
axial compressivn tests, the plane strain tests produced a slight
increase in su/}':r-lc (0.28 vs. 0.26); a slight increase in ¢ at both
maXimum stress difference and maximum obliquity (by 1. 20); a
large decrease in Af (1.64 + 0.10 vs. 2.15), although the value of
A'u/?r'lc +(1- KO) was only slightly decreased (0.65 + 0.10 vs, 0, 66);
and a large decrease in the strain at failure (2 -3% vs. 5-6%).
The intermediate principal stress at failure was less than the
average of the other two principal stresses (Ezf = 0.41 Ef).

2.4.3 Discussion

Table 2.8 summarizes the effects of the intermediate princi-
pal stress on the undrained strength behavior of saturated clays.
Extension tests, relative to compression tests, employing both tri-
axial and hollow cylinder shear devices, show very consistent trends
in that:

1. su;’?ic always decreases by 20 + 10%;

2. Af always increases by 0.4 £ 0.2;

3. ¢ of normally consnlidated clays remains es-
sentially unchanged (except for the remolded

kaolinite wherein ¢ increased by 7°);

4, The effective stress envelope of heavily over-
consolidated clays showed a slight increase.

However, when the value of ¢, is midway between that for

compression and extension, and/or er21ua1 tc that for plane strain,
the experimental data show that the value of undrained strength is
little different than that from triaxial compression tests, althcugh
the friction angle generally increased. Changes in Af were erratic
and varied from large increases (remolded kaolinite) to large

decreases (remolded Weald clay).
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There are two major drawbacks in extrapolating the data

for intermediate values of o, to field practice. First, the data

obtained from the hollow cyl?nder tests are difficult to interpret
because: 1) nonuniform stress distributions and end restraint
have effects on the data; and 2) one has to assume the validity of
the theories of elasticity and plasticity and a failure criterion in
order to compute two of the three principal stresses. Second, the
plane strain data, although free from problems of interpretation,
were obtained on anisotropically consociidated samples of a clay
whose undrained strength behavior is apparently considerably
different than that of natural normally consolidated clays (see

Section 2,2 on effect of anisotropic consolidation).

2.5 EFFECT OF ROTATION OF PRINCIPAL PLANES
2.5.1 General

Section 1,3 pointed out examples in the field where rotation
of principal plan’ occurred during shear. The rotation of principzl
planes along the failure arc resulting from undrained failure of a
strip footing resting on a normally consolidated clay is depicted
in Fig. 2,21, In element A under the footing, ihe direction of the
major principal stress at failure, Elf’ coincides with the direction
of the major principal stress at consolidation, 01 , loe, there is
no rotation. In ele nent B, Glf rotates 45 + ¢/2 degrees to the
left for a horizontal failure surface, and in element C, the major
principal stress rotates 90° to the left. Another way of describing
the amount of rotation is to look at the direction of the failure plane

relative to the direction of major principal stress at consolidation.

Figure 2,22 shows the direction of the principal planes
before and after shear of a normally consolidated clay via an in

situ vane shear test. The failure plane is vertical and the directions

ste
»®

Assuming validity of the Mohr-Coulomb f{failure criteria,
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of the major and intermediate principal stresses have rotated by

20°,

The change in direction of principal planes during a direct
siear test is shown in Fig. 2,23, The failure plane is presumed
to be horizontal so that the major principal stress rotates 45 + 3;/2

degrees, just as for element B in Fig. 2.21,

If the clay had isotropic properties, the direction of the
failure plane would have no influence on strength behavior. However,
the in situ preshear stress system is seldom isotropic; therefore,
various planes through the soil have different consolidation stresses
and probably different orientations of the clay particles, and con-
sequently one might expect to obtain different strengths along dif-
ferent failure planes, The question is: how significant is the
direction of the failure plane* on the undrained strength behavior?

2.5.2 Theoretical Treatments

Hansen and Gibson {1948) employed Skempton's \ theory
(Skempton, 1948) and the Hvorslev parameters to compute the vari-
ation in undrained shear strength, S, of saturated clay with incli-
nation of the in situ failure plane, including the in situ vane tests
with its vertical failure surface, They also computed theoretical
values for laboratory LU and CU tests with triaxial compression
and direct shear (horizontal failure plane) equipment based on two
extremes of sampling (the case of perfect sampling and the case
wherein the clay underwent a passive failure prior to sampling).
The results of their analysis for a hypothetic sensitive silty clay
with KO = 0,50 are tabulated below:

" There can be a suotle difference between "direction of
failure plane' and ''rotation of principal planes," but this
difference will be ignored in view of the general lack of
information on this topic.
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L. Values of s /o
Test Condition ! 4’ vo

In Situ: Active earth pressure 0. 331
Passive earth pressure 0.183
Horizontal failure plane ‘ 0.213
Field vane 0,191

Lab. Unconfined

Perfect sample 0.250

"Failed" sample 0.170
Consolidated-Undrained

Triaxial compression 0. 348

Direct shear 0.213

These theoretical estimates show that the direction of the failure
plane is a very important consideration. Data will be shown to
support the large differences indicated above. The predictions of
Hansen and Gibson are indeed surprisingly accurate in view of the
greatly oversimplified picture of soil properties that was assumed.
For example, the compressibility of soil in all three directions was
assumed to be linear and equal, the Hvorslev parameters were
assumed to be unique, and A?z was assumed equal to zero for plane
strain.

Schmertmann (1964) suggests that the undrained shear
strength along various planes through an anisotropically consolidated
clay is proportion«l to the preshear consolidation stress on the plane
of failure. Consequently, he predicts that S, along a vertical
failure plane (such as from a field vane) will equal K, times s
along a horizontal plane (for vertical one-dimensional consolidation).
For the hypothetical clay ireated by Hansen and Gibson (1948),
Schmertmann would therefore predict 5, (vertical plane) = 0, 50 5.
(horizontal plans), whereas Hansen and Gibson predict S4 (vertical

plane) = 0. 90 s, (horizontal p'=ne).

Tenny (1960) and Hansen (1963) have treated in situ vane
strengths in horizontal Ko consolidated clays as equivalent to tri-
axial compression tests on samples isotropically consolidated to the
. . a 1 s . . e = - - _—
in situ horizonta! consolidation stress (i.e., ac Uho Kcavo)'
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2.5,3 Experimental Data

The types of tests desired for analysis are undrained shear
tests on anisotropically consolidated clay with different directions
of the failure plane at a constant value of 62.* The following data
are from tests which fail to meet this requirement, but nevertheless
show important trends which shed light on the problem,

Broms and Casbarian (1964) ran CU hollow cylinder tests
on isotropically consolidated samples of remolded kaolinite. The
axial (az) and tangential (ae) stresses were varied such that the
radial stress (or) equalling g, was kept equal to the consolidation
pressure. A torque was then applied to the top of the sample to
sroduce a change in the direction of the principal planes and to
cause an undrained failure, Their test data are plotted in Fig, 2. 24,
At a = 00, o equalled o, (failure caused by increasing o, and
decreasing 0'6); at a = 90°, o equalled O (failure caused by in-
creasing Oy and decreasing oz); at intermediate angles, a torque
was applied to the sample. The data show essentially equal strength
parameters at o = 0° and o = 900, as would be expected for an
isotropically consolidated sample. At intermediate values of o, the
undrained strength decreased because of increased excess pore pres-
sures and a lower effective stress envelope. The maximum strength
reduction (about 30%) occurred at « = 45°, Broms and Casbarian
explain this strength minimum in terms of a rotation of 0y through
an angle of 45°, so that the failure surface almost coincided with
the orientation of the clay particles during the initial phase of the
test. The writers disagree with this reasoning because a test with
a = 45° on an isotropically consolidated sample must be a simple
shear test wherein the direction of o remains unchanged during
shear. Nevertheless, the test data show a very significant influence
of the direction of the failure plane. Perhaps some of the effect is

Or for g corresponding to plane strain,
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caused by the assumptions which must be made in order 10 compute
the principal stresses, or is due to problems in equipment cali-
bration. Or perhaps the clay structui e was not truely isotropic

prior to shear.

The results of consolidated-undrair ed triaxial compression
and extension tests on anisotropically consclidated samples of
normally consolidated undisturbed Kawasaki Clay Il are presented
in Figs. 2.25 and 2.26 (Lambe, 1962b). Two samples were con-
solidated to essentially identical nressures. In the CAUC test, the
axial stress was increased; in the CAURE test, the radial stiress
was increased. The tests correspond to tests 3 and 4 respectively,
in Fig. 1.6, and to undrained shear under a circular footing and
beneath a circular excavation (Fig. 1,4) respectively. The test

s

results show:

At (0. ~5.) CAUC Test CAURE Test
71 “3'max. (Circular Footing) (Circular Excavation)
su(kg/cmz) 1,33 0. 68
_ Au

Af - —A—E Oc 53 0. 96
$, degrees 36.5 479
Axial strain, % 1.2 (compression) 9.8 (extension)
¢ in direction of Ag, % 1.2 ~5

The above data show that the stress system applied during
shear had a very important effect on undrained shear strength (by
a factor of two), excess pore pressures, friction angle and stress-
strain behavior. It is not possible, however, to separate out the
basic cause of the effect because there are two variables: 1)
change in direction of the principal stress (the principal stress

" Although the water contents of the two samples were
very different, extensive shear data on this clay have
shown that the strength parameters are essentially
independent of water content variations,
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rotated 90% in the CAURE test); and 2) different stress systoms
at failure (triaxial compression in the CAUC test versus t iaxial
extension in the CAURE test, i.e., the relative magnitude of Ty
was different for he two tests).

The fact that rotation of principal planes‘per se will not
always produce a large reduction in strength is illustrated by the
triaxial test data in Figs. 2.27 and 2.28 (Whitman, Ladd and
da Cruz, 1960). One sample was consolidated with the axial stress
greater than tho radial stress and then failed in undrained com-
pression, i.e., a regular CAUC test. The second sample was con-
solidated with the radial stress greater than the axial stress and
then failed undrained in compression by increasing the axial stress
idenoted by CAURC and corresponds to test No. 6 in Fig. 1. G);

The undrained strengths of the two samples are almost the same
even though the pore pressure and stress-strain characteristics
are markedly different. In this test series, as contrasted to the
previous one, the stress system at failure was the same in both

samples but the siress system at consolidation was different,

The Norwegian Geotechnical Institute (Landva, 1962) per-
formed undrained triaxial compression and simple shear tests on
anisotropically, normally consolidated undisturbed samples of a
silty quick clay from Manglerud, Oslo, Norway. Pertinent data

£

on the Manglerud clay are:
Depth of samples = 6-9.5 m.
Wy E 25-27%, P.1. = 5-8%, Activity = 0.11-0,17
L.I. = 2-3,5, Sensitivity = 100
7 /o =0.16 £+0.05 from field vane
max.’ vo
s,/0,,= 0-23 from average of 5 uncoufined tests
i

KO = (.50 +0.03 from triaxial tests.

The triaxial tesis were regular stramed contralled CKOUC tests

except that special efforts were made to minimize disturbance and
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the rate of strain was very low (only 0,1% axial strain per hour),

The simple shear tests (called Consolidated Constant Volume Direct
Shear Tests by N.G.I.}) were run on cylindrizcal samples {dia. = 10 ¢m,
heicht = 1 em) in which the borizontal surface was prevented from
tilting, Lateral deformation was restrained via a reinforced (steel
wires) rubber membrane. Duriag shear, the normal load was

varied in order to maintain a constant volume. Hence the tests

werc undrained. The samples were consolidated in the apparatus

prior to shear and presumedly had a Ro stress - stem.

The data from the triaxial and simple shear tests are com-
pared in Figs. 2.29, 2.30 and 2.3l. Note that measured values of
stress bave in some instances been adjusted in order to compare
like parameters. For example, in Fig. 2.29, values of shear stress
7 from the simple shear tests have been divided by cos ¢ in order
to obtain (cr1 = 03)/2 = q. Furthermore, excess pore pressures are
compared in terms of au' = Elc -B'ff, which is directly measured
in the simple shear tests (Au' = change in @ on horizontal piane),
but must be computed for the trriaxial zompression tests (see Fig.
2.31). The strain in the simple shear test is equal to the horizontal
movement divided by sample thickness.

At maximum stress difference, the simple shear tests,

relative to the triaxial compression tests (for Elc/av values
greater than 1,2):

1. Had a 25% lower undrained shear strength ex-
ressed as = 7/os &
P Upax, = 7E0S ¢

i = a0, .
2. Had a friction angle some 5-6" lower, which

was the principal cause of the lower undrained

strength;

3. Had a much higher strain (10% versus only 0. 3%

for the triaxial tests).

At maximum obliquity, the simple shear tests again yielded much
lower strengths and friction angles,
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The stress system in the two tests differ in two respects:
1) the triaxial tests are failed in triaxial compression {i.e.,
o, 03), whereas the simple shear tests fail apprcximately in plane
strain [(52 = {g) + cB)jQ]; and Z) ihe direction of the major and
minor principal planes remain ~~:-ctant in the iriaxial tests whereas
they rotate through an angle of 45 + ¢/2 = 55 - £0° in the simple
shear test (see Fig. 2.23). The data on the effect of o, on strength
behavior (see Table 2.8 for the summary) indicate that plane strain
has relatively little effect on S, but may increase excess pore pres-
sures and the friction angle somewhat. Although these data are for
insensitive clays, there is no reason to believe that the trends would
be completely reversed for the quick Manglerud clay. Consequently,
the vastly different strength behavior of this clay in triaxial com-
pression and in simple shear must be caused primarily by the

rotation of the principal planes.

Landva (1962) also reports the results of miniature lab vane
tests run inside triaxial samples for both isctropic and anisotropic
consolidation. These data are summarized below. They should,

however, be treated as preiiminary results,

u ay (o, /o =2
Manglerud Clay (clc‘lgvo 24

Type of Test T/Elc S;u/glc: Su/afcm Comments
Triaxial CIUC - 0.29 0.29
Triaxial CAUC - 0.28 0.435 K =0.50, $ = 24,7°
Lab Vane, CIV 0.38 0.405 0.405 Assume ¢ = 20°
Lak Vane, CAV ~  ¢.19 0.20  0.355 K =0.50, Assume

$:200

ST . © effective normal stress at consolidation on plare
ngich ends up as the failure plane.

,,,,,

Efc/a = [K(H/D)+a/2]/[(H/D)+a/2] where H/D =

1
height?diameter and '""a" is a parameter expressing
distriobution of shear siress on horizontal ends of the
vane {Schmertmann, 1964)
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Skabo Clay (EIC/EV'O = 2) (see Table 2.1 for index properties)

Type of Test T/GIC Su’/cylc su/cfc Comments
Triaxial CIUC - 0.32  0.32
Triaxial CAUC - 0. 32 0.505 & =26.5°, K=0,49

Lab Vane, CiV  0.53 0.565 0.565 Assume ¢ = 20°

Lab Vane, CAV n, 32 0. 34 0.61 K= 0.49, Assume
$ = 20°

For isotropic consolidation, the data show undrained strengths from
the vane which are 60 + 20% higher than triaxial compression
strengths. This is certainly surprising and casts considerable doubt
on the accuracy of the data. On the other hand, the vane data on the
isotropically and anisotropically consolidated samples show remark-
able agreement in terms of strength as a function of consolidation
stress on the failure plane, i.e., values of su/'c?fc. Moreover, these
values are in reasonable agreement with values of su/EfC obtained
from the CAUC tests,

In situ vane data by the N.G.I. from three Norwegian clays
employing vanes of various height to diameter ratios have indicated
<trengths on the horizontal plane which are 50 - 60% higher than
tnose on the vertical plane (from G. Aas of the N.G.I. during a
visit to M.I. T. in September 1963). Two of the clays were very

sensitive to quick, the third was moderately sensitive.
2.5.4 Discussion

The precedirg data do not show directly the influence of rota-
tion of principal planes on the sirength behavior of anisotropically
consolidated clays. However, there can be no doubt that the un-
drained strength, excess pore pressures, friction angle, and stress-
strain characteristics of an anisotropicaliy consolidated sensitive
clay are greatly affected by the type of stress system apgplied during

shear, Variations in undrained strengths of 25-50%, changes in
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friction angle of several degrees, and very large differences in the
strain at failure could easily occur along a single failure arc of a
strip focting or between clay elements beneath a circular feoting
versus a circular excavation. The clay most susceptable to these
effects would probably be a normally consolidated sensitive to quick
clay having a high degree of anisotropy. An overconsolidated clay
with K =1 would probably be little effected.

For a given clay, the most important variables are thought
to be the preshkear value of K, the direction of o at failure rela-
tive to its direction after consolidation, and the relative value of
Oy during shear.

The belief that undrained strength can be uniquely relatec
to the consolidation stress on the failure plane is certainly an over-

simplification. For example, the preceding data have shown:

Normally Consolidated Kawasaki Clay (K = K_ = 0.50)

Failure In Su/olc Su/ofc
Triaxial compression 0.445 0.745
Triaxial e .tensicn 0.225 0.24

Normally Consolidated Manglerud Clay (K = K, = 0. 50)

Failure In fu/ e Su/ Itc
Triaxial compression 0.28 0.435
Simple shear 0.21 0.21

Finally, the interpretation of fie.d vane data in normally con-
solidated clays is questionable at best, Brinch Hansen (1963) and
Kenney (1960) have treated vane strengthe as equivaient to CIu
compression tests starting {rom EC equal to the in situ horizontal

stress. The preceding data do not support this contention.
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MEASURED VERSUS PREDICTED STRENGTH
PARAMETERS FOR CAU TESTS

Measured From Principle I From Eg. 2.1

Clay , 5./0 Ay S0, A 5,/ N
Boston Blue 0.3, 0.60 0.265 3.6 0,31
Vicksburg Buckshot 0.28 1.05 0..5 V.5 0.29
Kawasaki 0.42 0.50 0.35 1.2 0.40

Assumes that CAU tests follow the effective stress
paths from CIU tests,

" Assumes that anisotropic consolidation yields the same
values of ¢ and A; as obtained from CIU tests.
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Fig.2.l. Stress Difference and Pore Pressure vs

(0, -03)

+ (1-K)

Obliquity as ¢ Function of K and A

(For compression tests, Aa, = Aoy =0 ; ¢ = 30%
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Fig. 2.2. Effect of Anisctrcpic Consolidation

on Undrecined Strength
N.C. Remolded Boston Biue Ciay

(Consolidated from g Fresh Water Slurry)

= |
14 |—O-— CIU Tests -
’g, — —e—— CAU Tests, K=0.54+ 0.0l 6
L
s 1.0 1 — 1]
& -¢1u AU |
<
" 0.6} ‘ ___.___‘____._..Z/ ¢ —
.2 - - =
0 0] I 4 5 S

€ 20
o
3,' .5 . -
-~ 1.0 e B
il Y
b o=
2 Q.5+
0 a 2
Tic
2.5
2.CH
& (0} / T3)max
L 5k >’”
g _/_"” =
A o~
fb;,' 0 . /'{f:”ﬁ YCAU
i i
1 -~
o o= I\ /[ | \
|
0 i Vi 3 4 5 6
(G, +33)




Fig.2.3. Effect of Anisotropic Consolidation on

Undrained Strength
N.C. Remolded Vicksburg Buckshot Clay
(Consolidated from a slurry)

3 L B,
——— G 11 Tests

1.2 -~ ~#~-~ CAJ Tests; K=0.54 4 03 . =
< o} | e ]
i e} i
; |
o8 . ‘ .
0 i e 2 ‘ 4 5 (S)
&, kgicm?
2
Y] i | _
E 4
= =
o /
- /
a2 = " =1
A
o
ol=" |
0 ! 2 3 Joe? 5 3]
G, kg/cm




Fig.24 Effect of Anisotropic Consolidation on
Undrained Strength

N.C. Undisturbed Kawaski Clays
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Fig.2.5. Effect of Anisotropic Consolidation
on Undrained Strengh

N.C. Undisturbed Brobekkveien, Oslo,Clay (Simons, I260)
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Fig.2.6. Effect of Anisotropic Consolidation on
Undrained Strengh

N.C. Undisturbed Skabo Clay (Landva, 1962)
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Fig.2.7. Effect of Arisotropic Consolidation
on Undrained Strength

Remolded Weald Clay (Gkempton and Sowa, 1963)  °
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Fig.2.8. Effect of Anisotropic Consolidation

on Stress — Strain Behavior

N.C. Remolded Boston Biue Clay

{Consolidated from o Fresh Water Slurry'
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Fig.29. Effect of Anisotropic
Stress Strain
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Fig.2.10. Siress Difference _and Pore Pressure
vs Obliquity for CIU and CAU Tests

N.C. Remolded Boston Biue Clay
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Fig.2.1l. Stress  Difference and Pore Pressure

vs Cbliquity for CIU and CAU Tests

N.C. Undisturbed Kawasaok: Clays
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Fig. 2.13. Perfect  ,amniing of a Normally
Consolidated Clay and an
Overconsolidated  Clay

Note: The one dimensional compression and

rebound curves simuicte o data
for the London Clay {Skempton, 196l)
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Fig.2.15 Effect of Perfect Sampling on Stress - Strain
Behavior of NC. Undistubed Kawasaki Clay I
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Fig.2.16 Undrained Strength  Parameters

for CIUC and CIU E

Tests on

Remolded Weald Ciay (Parry, 1960)
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Fig.2.17. CIU Compression and Extension Tesis on

Remolded Sault Ste Marie Clay
(Wu, Loh §Malvern, (963 )
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