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Effect of Stress Rotation on the Strength and Deformation
of Laboratory Prepared Clay Samples

A.S. Stipho
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P.Q. Box 800, Rivadh-11421, Saudi Arabia

Abstract. The behaviour of laboratory prepared kaolin day samples has been studied using triaxial series
on normally and overconsolidated soil samples with various degrees of anisoiropy. The influence of
anisotropic stress history and stress rotation was investigated. it was noted that the degree of initial anisot-
ropy has a large influence on the observed undrained shearing strength. The stress-strain relationships for
anisotropically consolidated clay samphes were found to be influenced by the induced anisotropic stress
history. The failure condition of anisotropically consolidated clay samples in compression mode seems 10
be represented by the unique (straight line) envelope, while in extension mode, no such envelope was
clearly defined.

1. Introductiom

In nature most clay deposits are anisotropic. Soil anisotropy is mainly due to the
mode of soil deposition and subsequent K, consolidation. The process of consolida-
tion in nature may occur under a variety of different stress conditions other than the
one-dimensional condition which is normally assumed. Stress conditions depend
upon natural phenomenon and other factors such as soil type and the soil’s stress his-
tory. K,-consolidation is one form of such natural processes. Many studies have
shown that K, has a range of values from less than one in normally consolidated soil
with a rapid increase to a value up to 3 in highly over-consolidated clays [1-5].

The problem of undrained shear strength anisotropy in clays was first reported
by Hansen and Gibson [6]. Since then, a number of studies on directional properties
of natural deposits of normally or overconsolidated clays were made by many work-
ers notably {7-13].

Mayne [14], summarized data for 42 different clays which had been tested under
both isotropic and anisotropic conditions and confirmed the findings of Mitachi and
Kitago [12] that the anisotropic undrained shear strength could be conservatively
estimated as 80% of the isotropic shear strength for “typical” conditions.
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This conclusion was drawn based on comparisans of various test data on natural
clay deposits. The purpose of the present study is to interpret the behavior of natural
deposits in relation to degree of anisotropy and to quantitatively show the influence
of induced anisotropy on the behavior of laboratory prepared clay samples.

Sampling natural deposits, no matter how perfect the sampling technique used,
cause disturbances to take place. Consequently, truly undisturbed naturally depo-
sited clay samples are almost impossible to obtain. Besides, the anisotropic stress his-
tory in natural deposits is not easily and accurately available in most cases. It may
also be pointed out that laboratory prepared soil samples are different from natural
deposits particularly in effect of aging.

Therefore, a systematic testing program was designed to test laboratory pre-
pated anisotropic clay samples consolidated under conditions similar to those experi-
enced in nature (i.e, samples were consolidated one dimensionally under controlled
different stress ratjos from a slurry state condition).

Clay samples prepared under anisotropic stress history were tested under both
uniaxial compression and extension modes. The test program was planned 1o help
understand the influence of anisotropic stress history and to permit the development
of a conceptual model for anisotropic clays. Keeping the critical state concept in
mind, the observed test results were normalized and interpreted in forms suitable for
comparison with the critical state theory outlined in reference [15].

2. Test Program

Kaclin clay specimens prepared in the laboratory from a slurry condition were
tested. An oven dried kaolin (LL = 52, PL = 26) was mixed with distilled waterin a
de-airing chamber in ratio of 1:1 by weight. The slurry was then spooned into a con-
solidometer mold similar to that described by Stipho [16]. Test specimens in a state
possible to be handled were produced under K-consolidation conditions. The level
of maximum pressure was selected within available testing facilities so as not to have
future influence on the observed behavior. The influence of melding stress and dis-
turbances on observed soil behavior is fully discussed by Skempton and Sowa [17].
Broms [18] and Stipho [16]. The molded specimens were then trimmed to form fully
saturated samples 75 cm X 15 cm and made ready for mounting in the triaxial cell.

Subsequent consolidation and swelling of the samples were carried out in the tri-

axial cell. Consolidation and swelling cycles were condugted under constant pre-

determined stress ratio K, = 1.0, 1.25, 1.5, 1.75 (K, = -%1%); while overconsolida-

tion ratios between 1 to 12 were considered. 3

Overconsolidated samples were produced by allowing the samples to swell back
along the same stress paths used during the consolidation phase, somchow different
of what actually occured in the field.
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The stress paths followed during consolidation and swelling are shown in Fig. 1.
The samples were tested under stress controlled compression and extension (loading
and unloading) under undrained conditions, in two different triaxial cells. Compres-
sion tests were carried out in triaxial cell having a 2.5 cm diameter ram while exten-
sion tests were cartied out in a cell having 7.5 c diameter ram clamped to the top
plate on the sample, The test set up in extension test could subject the sample to the
unnecessary weight of the ram before the application of cell pressure. However, this
was prevented by the use of a supporting frame designed specifically to carry the
weight of the ram during the mounting process of the sample in the triaxial cell. The
cell was then placed on the testing machine, where predetermined increments of load
were applied. Stress controlled tests are useful and attract many researchers, their
drawback is noticed only in extension tests and that is due to the sticking of the ram
at the start of decrements as also noticed by Parry and Nadarajah [19]. Herein, free
movement of the ram was achieved by honing of the ram at contacts, but this
increased the cell fluid leakage. However, by filling the top one centimeter of the cell
with thick oil, the cell fluid leakage as well as the ram friction was minimized. Tt
should be mentioned that appropriatc measures and corrections to minimize
machine interference, sample disturbances and ram friction were applied at all
stages. A small side program to determine the best rate of loading that allow pore
water pressure stabilization was also conducted. The test program followed in this
work is outlined in Table 1.
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Fig. 1. Stress paths adopted in the consolidation phase

3. Test Results

Consolidation and swelling behavior of the isotropically and anisotropically
consolidated samples are shown in Fig. 2, in terms of water content versus log P*
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Table 1. Test program
Tesl ; P, oy
desigaation KN/m? KN/m? OCR w%h K=—
Oy,
iC-1 412.5 412.5 1.0 352 1
IC-2 365.0 3650 1.0 354 1
IC3 365.0 342 1.2 35.9 1
IC-4 385.0 192.5 ‘2.0 36.8 1
IC-5 378.0 75.6 5.0 353 1
IC-6 385.0 48.0 B.0 38.5 1
[[85r) 412.5 344 12.0 388 1
IE-1 385.0 385.0 1.0 35.3 1
IE-2 412.5 412.5 1.0 35.2 Failed
IE-3 4125 2063 20 36.3 1
IE-4 412.5 3437 1.2 353 1
IE-5 5500 91,7 6.0 38.0 1
IE-6 412.5 41.2 10.0 39.0 1
AC-t 206.0 206.0 1.0 382 1.25
AC-2 206.0 103.0 2.0 39.8 1.2%
AC-3 206.0 51.5 4.0 40.5 1.25
AC4 550.0 68.7 8.0 38.0 Failed
AC-S 550.0 68.7 8.0 374 1.25
AC-6 206.0 206.0 1.0 379 1.5
AC-? 206.0 103.0 2.0 39.9 1.5
AC-8 206.0 51.5 4,0 40,3 1.5
AC9 550.0 68.7 8.0 372 1.5
AC-10 2060 2060 1.0 37.6 1.75
ACIN 26.0 0340 2.0 39.3 1.75
AC-12 206.0 51.5 4.0 40,1 1.75
AC-13 550.0 68.7 8.0 40.1 Failed
AC-14 550.0 68.7 8.0 39.7 1.75
AE-18 550.0 68.7 R.O 38.2 1.25
AE-19 206.0 206.0 1.0 37.8 1.50
AE-20 206.0 103.0 2.0 39.5 1.50
AE-21 M40 86.0 4.0 40.2 1.50
AE-22 550.0 687 B0 38.0 1.50
AE-23 206.0 206.0 1.0 3.6 1.75
AE-24 206.0 103.0 2.0 394 1.75
AE-25 344.0 86.0 4.0 40.0 1.75
AE-26 5500 687 ].0 381 1.75
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Almost parallel sets of lines during the compression and rebound phases are
observed. This straight line relation on the w - log P’ plot supports the critical state
concept put forward by Roscoe, Schofield and Wroth [20]. The slope of the compres-
sion phase is designated by A and the slope of the rebound lines is designated by K.
For the clay used A and K were found to have values equal to (.14 and 0.05 respec-
tively. The existence of the multiple paralle] consolidation lines for a soil consoli-
dated anisotropically under various stress ratios (K, = a;/0,.) supports the concept
of existence of multiple inclined planes within a state boundary surface with various
angles of inclination (8). The angle is diversified from the isotropic condition (8 = 0)
as the consolidation stress ratio moves towards anisotropy i.e. K, = 1 as proposed by
Ohta and Hata [21]; Ohta and Wroth [22]; Banerjee, Stipho and Yousif [23] and
Stipho {24, 25].
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This concept allowed for useful mathematical developments towards modeling
the behavior of anisotropically consolidated clays. These inclined planes are well
within the proposed unique state boundary surface introduced within the critical
state concept. Graham and Li [26], observed a similar trend of findings on testing
naturally deposited K-consolidated clay and laboratory prepared anisotropically
consolidated Winnipeg clay.

4. Effective Stress Path

Typical effective stress paths for isotropically and anisotropically consolidated
samples tested under compression and extension loading are shown in Figs 3 and 4.
The efiective deviator stress q° and the mean effective stress P’ are normalized by
dividing by the effective mean consolidation pressure Pj at beginning of shear failure.
The parameters q' and P’ are defined as:
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¢=v/% [(oi-0)" + (@-a)' + (o}-03)]

while

1
PP=—,fa + d + o)
3 1 2 3
The overconsolidation ratio OCR is defined as OCR. = P / P}, when P! is the
effective mean preconsolidation pressure the material ever subjected to, and Pjis the
mean effective all round pressure at the start of the shearing.

Under conventional axisymmetric loading in traxial compression (in extension
@, = o;) the condition is ¢} =03. Accordingly the above parameters are reduced to:

q' =¥, —o))

1
P =?(01 + 203)

It was observed that the undrained effective stress path of anisotropically con-
solidated clay (Normally und Overconsolidated) followed a distinetly different path
in compression than that followed during extension mode. The material tends to fol-
low & very long path in extension testing compared with the relatively short path fol-
lowed during compression loading. These differences become more pronounced
with increasing K, values, Under compression loading the material secms to fail on
a unique failure envelope similar to that defined in the critical state line (CSL) by M
= (q'IP),.

In extension tests, such well-defined straight line failure envelope cannot be
evaluated. More data, particularly for highly overconsolidated anisotropic clays, are
needed to eliminate possible doubt and to define soil behavior in this area.

The data presented in Fig. 4 may also indicate the presence of a curved failure
envelop rather than straight line (showed dotted). Some test results on kaolin clay
reported by Nadarjah [4], and that of naturat Bangkok clay deposits reported by
Balasubramaniam and Waheed Uddin [27] showed similar trends of curved failure
envelopes in extension tests, though no comments were made in either case.

The influence of stress rotation on the normalized undrained effective

r '

shearing strength presented in terms of variation of n; {(where n, = A %

'

in both compression and extension at failure) for various degrees of anisotropy is
shown in Fig. 5.
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Fig. 3 . Effective stress paths for idotropically consolidased
and compression saniplesin both extension mode

The normalized undrained effective shearing strength of isotropically consoli-
dated samples in both compression and extension modes seem to lie on an envelope
sloping at almost 45°, a 1:1 relation. The slope of this envelope starts to deviate from
the 1:1 relation as the degree of anisotropy of soil is progressively increasedto K_ =
1.75. The influence of stress rotation on anisotropically consolidated clay samples
could well be explained by distinct patterns of particle arrangement which took place
during anisotropic stress history.

§. Stress Strain Relations

Normalized stress strain curves for normally consolidated clay samples under
both compression and extension modes are presented in Figs. 6, 7and 8. To incorpo-
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Fig. 4. Effective undrained strems paths for anisotropically consoliinted
clay sampies im both exten<ion and compression

rate the influence of pore water pressure developed duting undrained tests, the net
post consolidation current effective deviator stress ,to the current
mean effective all round pressure (P') represented byn’ = (q—P,——gﬂ-) is plotted
against axial strain. At a particular strain level, n' is found decreasing with increasing
degree of anisotropy. In extension mode this ratio was found increased negatively
with increasing degree of anisotropy.

The influence of degree of anisotropy on the stress-strain relations is observed
to be considerable. The shearing resistance of the anisotropically consolidated clay
samples quickly reaches its maximum at small strain levels. This behavior is equally
true in compression and extension modes and it differs from that observed in isotrop-
ically overconsolidated clays Figs. 7 and 8. Figure 9 shows the variation of the net
effective deviator stress (@' — qg) normalised by the mean effective consolidation
pressure at the start of loading (Py), at various axial strain levels (£, % and &, % at fail-
ure), with respect to the anisotropic stress history in both extension and compression
modes of testing.
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Anisotropically overconsolidated clay samples showed smaller axial strain at
failure than that for normally consolidated specimens, However, the highly overcon-
salidated clay samples tested demonstrated little tendency for strain softening and
dilatancy after failure. This behavior is normally controlled by the microfabric pat-
terns that developed in the sample during its stress history. Unloading processes
which produce overconsolidated samples, seem to introduce little alteration to
already developed particle orientation in the clay tested.

Dwring the process of anisotropic consolidation some of the work is dissipated
by irreversible changes in particle arrangement, while only a small part of the energy
is recovered on unloading (elasto-plastic behavior). Within the context of critical
state theory, anisotrapically consolidated clays may be considered in a state of stress
that lies on the state boundary surface of the material which encloses the elastic
domain.

6. Pore Pressure Coefficient

The excess pore water pressure that developed during undrained triaxial test of
a saturated clay sample (i.e. B = 1) and during compression loading can be obtained
from;

AU = AA (g, - 05)

where A the pore pressure parameter, and is known to change during loading. Its
variation during loading until failure is of particular interest. This soil parameter is
found to vary with intial state of stress, stress history and consolidation condition.
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Figure 10 shows the variation of the parameter A during triaxial compression in isot-
ropically and anisotropically normally consolidated ciays. The terminal dotted line in
the figure represents the value of A at failure (Ap,ie at(o]/o}),,.

7. Conclusions

The appreciable influence of the anisotropic stress history on the observed soil
behavior during consolidation and triaxial loading which is well established is sup-
ported herein. Stress history is found to affect the shearing strength of the clay tested;
the level is dependent upon the intial degree of stress anisotropy. Consequently isot-
ropic triaxial test results over-predict the anisotropic undrained shear strength of
normally consolidated clays in most cases.
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The behavior of anisotropically consolidated samples was also found to be infhu-
enced by stress rotation. Isotropically consolidated clay gave almost identical meas-
ures of undrained shearing strength in both the extension and compression modes of
deformation. The change in shear strength as represented by the parameter v’ during
the extension and compression deformation modes seems to range between 1 to 4.5
times depending upon the induced anisotropic stress history.

The examination of the shape of the undrained stress path of isotropically con-
solidated clay supports the concept of the cam-clay model proposed within the criti-
cal state models introduced by Schofield and Wrath [15], The undrained stress paths
for the anisotropically cansalidated clay samples are seen rotated in unsymmetrical
form along the P axis or the consolidation (q'/p’) axis. This rotation is found increas-
ing with degree of anisotropy. More data are needed to establish the shape and con-
dition of failure of anisotropically overconsolidated clay in extension mode.

The main experimental program was conducted at the soil’s laboratory of the
University College Cardiff, 1J.K. The author’s thanks and appreciations are due to
Professor K. Majeed for stimulating discussions.
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