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GENERAL CONSTITUTIVE
RELATIONSHIF FOR SOFT SOILS

INTRODUCTION

Most existing constitutive models for predicting the strength and deforma-
tion behavior of soft (or squeezing) ground consider hydro-dynamic lag as the
sole time-dependent effect. No consideration is given to time-dependent de-
formation characteristics of the soil skeleton. Thus, when investigating a
problem such as the stand-up time of tunnels in squeezing ground, which by its
very definition invoives time dependency, it should come as no surprise that
these existing models are inadeguate. In studies performed during the second
year of research under this contract, a general constitutive theory for pre-
dicting the stress-stréin-time behavior of soft clays was developed. A labora-
tory test program pointed towards evaluation of the theory has been initiated.
This experimental work and the accompanying analysis should be completed by the

end of the third contract year.

CONSTITUTIVE THEORY

Introduction

In the 50 years since Terzaghi inauqurated the modern study of soil me-
chanics, a great deal of information on the time-dependent behavior of soft
clays has accumulated. Most of this data relates to certain special boundary
conditions common in soil mechanics: one-dimensional compression, plane strain,
triaxial compression. No general constitutive model for predicting the time-
dependent strength and deformation of soft ground is currently available. By
generalizing the existing information pertaining to fixed boundary conditions,
and by unifying this generalized information within the framework of tensor
notation, a general theory for the stress-strain-time behavior of soft clays

under multi-axial states of stress has been developed.




Tensor Notation

The stress state at a point within a continuum can be described by a sym-
metric, second order, Cartesian tensor. The principal stress tensor, 0, can
be separated into one volumetric and three deviatoric components (Fig. 1).

The volumetric component; O

v represents the mean (sometimes called hydrostatic)

stress in the soil element. The volumetric stress is also referred to as the
octahedral normal stress. The three deviatoric components, representing the
stress difference acting across each of the three principal planes, can be
combined into a single deviatoric tensor, ED'
Fach stress tensor component has a corresponding strain tensor component,
which together form a strain tensor. For a homogeneous, isotropic material,
the strain tensor is also a second order symmetric tensor. Strain tensor com-

ponents are related to stress tensor components by strain operators. Strain

increments are computed by operating on stress increment tensor components.

1 1
= + = : ~
he hey, + Dey = p A0, + o A0y (1a)

For a linear elastic material, these strain operators reduce to multipli-

cative constants, K and G, often referred to as the bulk and shear modulus:

fe = p oy + g Aoy (1b)

where

AE = strain increment tensor

AEV = volumetric component of strain increment tensor

AgD = deviatoric increment of strain increment tensor

A

K = volumetric strain operator

6 = deviatoric strain operator

Ae = a linearly elastic strain increment,

~E
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When considering time dependent stress-strain relationships, one must
consider visco-elastic material properties. In the theory of visco-elasticity,
the strain operators, G and K, are replaced by creep functions, JD and Jv. A

linear volumetric creep function, JV' is related to the volumetric strain

operator, ﬁ, by the equations:

t
£ (t) = + -
£,(t) I .}Z 3, (t = T)dg, (1) (2a)
e (t) = [R(t)] o (2b)
~V ~V

For a constant stress, GVO' these equations reduce to:
e (t) = J.(t)o.. = (Ke)1 to (2¢)
v = Jy Wiy T Vo <

A similar set of equations describe the relationship hetween the devia-

toric operators JD and G.

General Formulation of Constitutive Relationship

So0il is neither linear, elastic, nor isotropic. We can account for non-
linearity and inelasticity by appropriate rules for the superposition of lcad
(and unload) increments. The assumption of isotropy is necessary to make the
tensor framework mathematically tractable.

The general egquations describing the relationship between stress and

strain within the tensor framework for a non-linear inelastic system are:

E = g, &, (3a)
e. = k1o (3b)
v v

= -1
<D G g {3c)

where K and G may be functions of time, stress history, density (void ratio),

and stress level.




In the following sections, models for both the volumetric and deviatoric
strain operators, ﬁ and 8, are developed for normally lcaded saturated clays of
low sensitivity. The concept of immediate and delayed components of deforma-
tion, described by Bjerrum (1967}, is applied in the develcopment of both models.
Bjerrum assumed that one dimensional deformation of the soil skeleton consisted
of a time independent contribution which takes place immediately upon applica-
tion of an effective stress, followed by a time dependent, or delayed contri-

bution. The general equation describing this concept can be written:

= £, +

Sv Sup T oSvy (4a)

£ £ £ 4b
~D ~Dj ~Dg (4b)

where the subscript i designates the immediate component of the deformation
and the subscript d denotes the delayed component.

Empirical models have been developed for each of the four components of
equations (4a) and (4b). In each case, an existing model of soil behavior
was adopted based on criteria of compatibility, both with the other model

components and the tensor framework, and a good fit with real soil behavior.

Volumetric Model

The volume change behavior of cohesive soils under one-dimensional con-
ditions is probably the most extensively investigated problems in geotechni-
cal engineering. Terzaghi's work on this subject inaugurated the modern era
in so0il mechanics more than fifty vears ago. The Seventh Rankine ILecture,
delivered by Bjerrum in 1967 is a definitive work on the subject. Information
on the volumetric deformations under stress states other than one-dimensional
is more limited. There is, however, enough informaticn extant from which to

formulate a general model for the volumetric tenscr compeonent. Thus, by




generalizing Bjerrum's one-dimensional model to encompass all stress states,
a unigue relationship between void ratio, effective stress, and time can be
hypothesized.

Bjerrum (1967) suggested that the deformation of soil is composed of
immediate and delayed components. The immediate (or instant) component is
that deformation which takes place immediately upon increase in the effective
stress. If there were no hydro-dynamic lag volumetric compression would occur
instantaneously upon lcad application, as shown by the dashed line in Fig. 2a.
This is contrary to the standard assumption that the magnitude of deformation
occurring during primary compression, defined as compression occurring prior
to complete dissipation of excess pore pressures in a consolidation test, is
a material constant. In Bjerrum's model, primary compression can contain both
immediate and delayed contributions.

Due to the non-uniformity of excess pore pressures throughout a labora-
tory test specimen, portions of the sample near a drainage boundary may be
well into the delayed deformation mode at the end of primary compression,
while the center of the specimen is just completing its immediate compression
phase. This implies that the magnitude of primary compression depends on the
drainage boundary conditions; i.e., the time required for complete pore pres-
sure dissipation. That it does has been illustrated by consolidation tests
on sampleg of different heights (Berre and Iverson, 1972).

The elimination of hydro-dynamic lag in a fine grained soil is not pos-
sible without altering the properties of the soil. Therefore, immediate com-
pression cannot be measured directly., Secondary compression, however, con-
sists solely of delayed deformations. If laws governing the delayed volumetric
compression of soils can be deduced from observations of secondary compression,

a subject on which there exists a plethora of information, the immediate
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deformation component can then be determined by subtracting the delayed con-
tribution from the primary deformations.

The standard assumption made in engineering analysis concerning secondary
compression is that the deformation is linear with the log of time (Buisman,
1936; Taylor, 1942), and actual behavior agrees well with this assumption.

This is commonly expressed as:

Aes = Culog(t/tp} (5)
where
Aes = the change in void ratio due to secondary compression
Ca = the coefficient of secondary compression
tp = the time at which primary compression concluded
t = the time since the start of the load increment, t > tp

Detailed investigations by Ladd and Preston {1965) into the one-dimen-
sional condolidation behavior of soft clays showed that for a clay with a
constant virgin compression index (CC), the usual case for a normally loaded
clay of low sensitivity, Ca can be considered as constant regardless of the
value of the vertical effective stress, In view of the problems associated
with non-uniform pore pressure dissipation, these authors recommended evalu-
ating Cu at a point one to two log cycles of time beyond tp, In studies on
the secondary compression of silts and clays, Mesri and Godlewski (1977} con-
cluded that the ratio of Ca/cc was a material property, independent of the
stress at which it is evaluated. This reduces to the assumption of Ca con=
stant for a so0il with a constant CC. The implication of such an assumption
is that Ca' the coefficient of secondary compression, is independent of bulk

stress level {(for normally loaded clays of low sensitivity).




Ladd and Preston also showed that for principal stress ratios between
the hydrostatic case (isotropic triaxial consolidation) and the one-dimen-
sional case, it is reasonable to assume a constant value for Ca' For prin-
cipal stress ratios greater than those encountered in one-dimensiocnal com-
pression, they suggest Ca may increase significantly, though they present no
data on this effect.

Walker (1969) studied volumetric creep (secondary compression) under
triaxial and simple shear conditions for stress levels of less than 15% to
greater than B5% of the peak shear stress. He found the volumetric creep
rate (Cu) to be essentially independent of stress level. Walker did, however,
find a difference between values of Ca evaluated from triaxial compression
tests and those values evaluated from plane strain tests. In his studies of
the creep settlement of foundations, de Ambrosis {1974} concluded that the
effect of deviator stress level on volumetric creep was insignificant.

Based on these arguments, a model for the delayed volumetric compression

of soft soils, consisting of a linear relationship between deformation and the
log of time, which is independent of both bulk and deviator stress level would
appear to be valid over a wide range of conditions encountered within normal
engineering practice. Thus, equation (5) becomes:

C

€va = €1a T Eaq * €ag = T_Jra_eo'log{t/ti) (6)
(t > ti)
where
€va = the delayed volumetric strain
eo = the initial wvoid ratio (ev = Ae/(1 + eo))
Eid = the delayed strain along principal strain axis i, i = 1, 3.
ti = a reference time by which all “"immediate" compression is

expected to have occurred.
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Once a relationship describing delayed compression has been developed immedi-
ate volumetric deformations can be back calculated from primary deformations
(Fig. 2b).

For normally loaded clays of low sensitivity, it is generally assumed
that primary deformations are described by a straight line on a plot of wveoid
ratio (or volumetric strain) versus the log of the vertical effective strass.
If we assume that Ko’ the coefficient of lateral earth pressure at rest, is
independent of stress level, then the stress axis can be transformed from
vertical effective stress to octahedral (or volumetric) effective stress with-
out changing the slope of the primary deformation line.

If we assume constant values for both Ca {(as shown in the previous sec-
tion} and tp {assumes, as did Terzaghi, that C the coefficient of compres-
sibility, is constant) then immediate deformations will fall along a line
parallel to the primary line; i.e., a line with slope Cc. Furthermore, be-
cause Ca is assumed constant, the void ratios corresponding to a specified
time of delayed compressiocn would fall along a line (isochrone) parallel to
the immediate {and primary) line. Using a log time law for Ca' isochrones
representing equal intervals of log time would be equally spaced. This con-
cept, first proposed by Ladd and Preston with respect to primary and secondary
compression (Fig. 3a), was employed by Bjerrum in his general model for the
one-dimensional consoclidation behavior of clays {Fig. 3b). 1In this model,
Bjerrum established rules for the superposition of load increments based on
the concept of a guasi-preconsolidation pressure described by Leonards and
Ramiah (1960}. Garlanger (1972) successfully adopted Bjerrum's model to pre—
dict the results of the aforementioned oedometer tests of Berre and Iverson.

The one-dimensional case represents soil behavior at a particular deviator

)

stress level ((g, - ¢,}/{0, - O ) = D or stress ratio (0_'/0.' = K ). To
1 3 1 3 1 o

3'f
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establish a general model based on the one-dimensional model, we must esta-
blish rules for the effect of deviator stress level on soil behavior.

Rendulic proposed that if lines representing constant water contents (or
void ratios) were plotted in a three dimensional stress space for the case of
triaxial compression, they would create a series of concentric arcs (Fig. 4).
Tadd (1971), restating this theory in terms of the stress path concept (Lambe,
1967), showed similar effective stress paths for saturated cohesive soils in
triaxial compression (Fig. 5). By definition of similarity, the locus of
points at a constant stress ratio {(or deviator stress level) on a void ratio-
log stress plot forms a line parallel to the locus of points for any other
stress ratio. Taylor (1948) must have been thinking along similar lines when
he proposed his void ratio-log stress plot with parallel contours for vertical
effective stress, isotropic consolidation, and deviator stress at failure, the
slope of these contours being CC {(Fig. 6).

Based on the above arguments, we can construct a plot of void ratio versus
log octahedral stress with contours of constant deviator stress level (or
stress ratio), each contour having the same slope, cc (Fig, 7). This plot,
along with our earlier conclusion that Ca was independent of deviator stress
level, enables us to generalize Bjerrum's one-dimensional compression model to
general, three-dimensional stress states. If we were to try to represent this
model graphically in three dimensional void ratio-log stress-log time space,
we would have a family of parallel planes, each plane representing a constant
deviator stress level {(Fig. 8).

Changes in volume of a soil element during consolidation can be determined
on the basis of net inflow or outflow of water computed using Darcy's law,
boundary pore water pressures, and soil permeabilities. Volume changes can
be related to changes in octahedral effective stress on the basis of Fig. 8.
Changes in pore water pressure are equal to changes in the octahedral effec-

tive stress.
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Deviatoric Model

The problem of hydro-dynamic lag doesn't enter into the determination of
immediate and delayed components of the deviatoric deformations. Since pore
water pressure is isotropic, it does not affect the value of the deviator
stress. Thus, the deviator stress responds instantaneously toc a change in
load, and immediate deviatoric deformations can be determined by direct mea-
surement.

The shearing resistance of a soil is logically a function of the density
(void ratio), or state of the soil. Since the volumetric model expresses
density as a function of bulk effective stress, the deviatoric strains must
also be related to bulk effective stress and time.

The dependence of ;the immediate deviatoric deformation on the state of
the material is often expressed as a stress-dependent modulus for undrained
shear. Undrained shear tests on saturated soils involve zero volume change,
implying pure deviatoric behavior, Duncan and Chang (1971) expressed the
initial tangent modulus, Ei' as a function of the minor principal effective
stress, 03', in their hyperbolic stress-strain formulation. Ladd and Foott
{1974) suggest that the shear modulus of normally loaded clays, determined on
the basis of undrained triaxial compression tests, can be normalized with
respect to OC', the isotropic¢ consolidation pressure (Fig, 9).

The isotropic consolidation pressure can be uniquely related to void
ratio in the manner described by the volumetric model. For any given void
ratic, an equivalent isotropic consolidation pressure can be determined from
Fig. 7. Then, Ladd and Foott's normalization technigue can be used in con-
junction with the concept of a hyperbolic shape for the deviatoric stress-
strain curve first proposed by Kondner (1963) to determine the immediate de-

viatoric deformations. Alternatively, any of the many existing deviatoric
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stress-strain models which consider deformations to be time independent could
be employed.

The normalized properties model is desirable because of compatibility
with the volumetric model and simplicity. The existence of unique normalized
curves for deviator stress and excess pore pressure versus axial strain is a
sufficient condition for the existence of similar stress paths and parallel
contours of constant deviator stress level on a void ratio-log stress plot.
Furthermore, only two parameters, a slope and an intercept, are reqguired to
describe the hyperbolic stress-strain curve, as shown in Fig. 10.

Numerous models have been proposed for the deviatoric creep behavior of
clay soils {Singh and Mitchell, 1968; Murayama and Shibata, 1966; Gibson and
Lo, 1961; de Ambrosis, 1974). Using the previously established criteria of
simplicity and compatibility, the Singh-Mitchell model was chosen as the de-
layed component of the deviatoric strain operator. Singh and Mitchell pro-
posed a general model which describes the axial deformation of samples in
triaxial compression subjected to a constant deviator stress. For undrained
samples, the rate of deformation is expressed as a function of three material
constants (A, &, m), the deviator stress (D), and the instantaneous deviator
stress which would cause failure of an isotropically consolidated sample at

the same void ratio (Df).

= ?
€ B exp[ﬂD/Df](tl/t) (7)
where

t = time under deviator stress D

tl = time at which A is defined (usually 1 minute)

£ = the axial strain rate at time t.
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The stress parameters in equation (7) (D and Df) are inherent to the other
model components (the volumetric component and the immediate deviatoric com-
ponent) . Thus, the Singh-Mitchell equation is ideal for use in describing
the delayed deviatoric deformation under a constant stress. Rules for super-
position of load increments are necessary to use this relationship in the
general model.

Though limited information is available on the effect of deviatoric stress
superposition on deformation behavior (Paduana, 1966; Hirst, 1968; Singh,
1968}, the indications are that cohesive soils behave much the same under
changes in deviatoric stress as they do under changes in volumetric stress.
Experiments by Hirst showed that after being subjected to a sustained devia-
toric load, a soil specimen will exhibit a '"gquasi-resistance" to immediate
shear deformation under an increased shearing stress (Fig. 11). Hirst des-
criped this behavior as a stiffening of the soil skeleton, or work hardening.
Thus, the deviatoric equivalent of a guasi-preconsoclidation pressure can be
established to describe deformation behavior under superimposed deviator
stresses. Referring to Fig. 11, if a soil element instantaneously loaded to
stress Ul and left to creep until time tl corresponding to strain €. were

1

instantaneously loaded to stress O it would then creep at the same rate as

2?

a soil element instantaneously loaded to stress 0, and allowed to creep to

2

strain €. corresponding to time t

1 27

DETERMINATION OF MODEL PARAMETERS
FROM LABORATORY TESTS

Seven parameters and one graphical relationship are required to define
the general stress-strain-time behavior of a soft clay as described by this

model. The required parameters are: Cc, the virgin compression index; Ca'
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the coefficient of secondary compression; £ and n, the two parameters des-
cribing the normalized hyperbolic stress-strain curve; and A, o, and m, the
parameters for the Singh-Mitchell eguation. There is no closed form manner
with which to describe the void ratio-log stress relationship of Fig. 7 at
the present time. Therefore, until such a closed form description is devel-
oped, this portion of the model must be described graphically.

At a minimum the parameters necessary to completely define the general
model can be determined from three laboratory tests; one isotropically con-
solidated undrained triaxial compressicn test with measurement of pore pres-
sures (EEE), one anisotropically consolidated triaxial creep test, and one
consolidation test {either one dimensional, isotropic, or anisotropic).

From the ETE test, the normalized immediate deviatoric stress strain
curve (Fig. 9) and the location of the constant stress level contours on the
void ratio-log stress plot (Fig. 7) can be obtained. The normalized curve
can be described with two parameters (Fig. 10). From the consolidation test,
the slope of the void ratio=-log stress contours (Cc) Fig. 7, and the rate of
delayed compression (Ca) can be determined.

Singh and Mitchell (1968) have shown how the three parameters required
to describe the deviatoric creep behavior of soft clays can be determined
from a single undrained creep test, although the use of two tests would be
preferable.

Unfortunately, due to the natural variability of soil deposits, it is un-
reasonable to expect that the seven parameters and the relationship in Fig. 7

required to describe soil behavior according to the model can be determined
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from just three tests., The engineer must use his own discretion in determining
the number of tests necessary to satisfactorily define average values for the

required parameters.

LABOFATORY TEST PROGRAM

Introduction

Experimental studies on remolded San Francisco Bay Mud have been initiated
in order to ascertain the validity of the general theory. Remolded soil was
chosen for the testing program because it conformed closely to the theoreti-
cal assumptions of isotropy, saturation, and low sensitivity. The initial
series of tests will determine the parameters necessary to describe the four
terms in equation (4) as defined by the general model. These parameters will
then be used to predict the axial deformation, pore pressure, and volume
change behavior of triaxial samples subjected to complex series of loads and
drainage conditions. A second series of laboratory tests will then be per-
formed to evaluate these predictions. At the present time, the tests des-
cribing three of the four terms in equation (4) are complete. Only the para-
meters for the Singh-Mitchell equation have yet to be evaluated. The fol-
lowing sections present the laboratory procedure and the results of tests

defining the three above-mentioned model components,

Laboratory Procedure

Laboratory tests were performed on specimens of remolded San Francisco
Bay mud. Bay mud was chosen because it was believed to be typical of many soft
clays in terms of both compeosition and behavior. The soil was remolded to con-
form as closely as possible to the theoretical assumptions of isotropy.

The Bay Mud was obtained from five~inch diameter, thin walled, fixed

piston samples taken from depths of three to five meters at Hamilton Air




25

Force Base near San Rafael, California. Atterberg limits of Hamilton Air
Force Base Mud are 88% {(+ 1%} for the Liquid Limit and between 35% and 44%
for the Plastic Limit. These values yield a plasticity index range of 43%

to 54%. Air pycnometer determinations of specific gravity resulted in a mean
value of 2.71 for the dry soil. The natural water content of the Bay mud was
slightly above the Ligquid Limit, varying from 90 to 97% for most samples.

The soil was remolded by placing undisturbed chunks of soil weighing
approximately 1000 gm. into large, heavy duty, plastic bags. Carbon dioxide
was blown into the bag to displace the air and thus facilitate the later
saturation of the remolded soil under an applied back pressure. Enough de-
aired water was added to raise the average water content of the remolded soil
to 100%. The bag was sealed across the top with a sealing iron, taking care
to leave a small opening in the corner through which a vacuum could be applied.
The bag was evacuated and the soil was thoroughly remolded while maintaining
the vacuum, Twenty-four hours later, just prior to re-constituting the test
specimens, the vacuum was reapplied and the material was once again reworked.

Subsequent to the second remolding of the material, the Bay mud in the
plastic bag was sampled with a thin walled double acting air piston, modified
to act as a fixed piston sampler, and injected into a split mold set up on
the pedestal of the triaxial cell. By cutting the head off, the double acting
air piston could be used as a fixed piston sampler (Fig. 12). The outer dia-
meter of the piston (1.375 m) was only slightly less than the inner diameter
of the split mold (1.40 m). The mold was lined with a thin rubber membrane.
Eight 1/4 in. strips of Whatman's No. 54 high wet strength filter paper were

aligned symmetrically within the mold. The strips were tucked beneath the
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bottom stone (Fig. 13a), run up the side of the mold, folded down the outside
of the mold, and held in place with a rubber band (Fig, 13b). & filter disk
was placed atop the bottom porous stone. The mold was filled with de-aired
water prior to injection of the remolded soil (Fig. 14) to ensure that as lit-
tle air as possible was entrapped within the specimen prior to consolidation.
The remolded soil was then injected into the mold.

After injection of the Bay Mud, the top of the specimen was levelled with
a spatula, filter disk, porous stone, and top cap were placed atop the sample,
filter strips were released from beneath the rubber band and trimmed to size,
and the membrane was released from around the top of the mold and secured
about the top cap with an O-ring. Once again, the space between the membrane
and the stone and top cap was filled with de-aired water to displace as much
air as possible from within the membrane.

After re-constitution, the specimen was left untouched for one day. At
the end of the twenty-four hour period, a vacuum back pressure of 0.05 kg/m2
was applied to the specimen through the base. After another twenty-four hours,
the split mold was removed, the specimen was measured with a paper tape to
determine initial wvolume, and the chamber was placed on the cell and filled
with water. At this point, the sample preparation process was complete.

Subsequent to filling the cell chamber, ecach sample was subijected to a
hack pressure of 1.0 KSC. The cell pressure was increased to whatever pres-
sure was necessary to establish the desired initial effective consolidation
pressure. Measured values of the pore pressure parameter B (egqual to Au/AUé)
generally fell between 0.98 and 1.0 for the first increment. If they did
not, the back pressure was increased until a satisfactory B walue (greater

than 0.98}) was achieved.
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At the end of a test, each specimen was broken into three segments.,
Water contents were taken of each segment to determine total volume of solids
in the specimen and specimen uniformity. Results of almost twenty tests have
shown consistent uniformity between water contents for top, middle, and bot-

tom sections of each specimen. This implies the sample preparation technique

is producing uniform samples and that testing procedures are not creating zones

of segregation of pore water,

Loading frame, triaxial cells, volume-change measuring devices, and pore
pressure apparatus are all standard University of California equipment. De-
tails of the apparatus can be found elsewhere (Chan and Duncan, 1966). Pore
pressures and volume change were measured through the single drainage line
from the pedestal on which the specimen stood. Back pressure was applied
through the same line (Fig. 15). Cell pressure was applied with compressed
air., The air water interface was located in a small reservoir attached to

the bottom of the triaxial cell with a 1/8 in. 0.D. pressure line.

Test Results

To date, test results include isotropic consolidation {(IC) tests and
isotropically consolidated, undrained triaxial compression loading tests with
measurement of pore pressures (ICUL}. From the IC tests, the delayed volu-
metric parameter Ca and the slope of the immediate volumetric contours of
constant deviatoric stress level, Cc, were determined, The ICUL tests deter-
mine the spacing of the immediate volumetric stress level contours (that is
to say, the shape of the similar undrained effective stress paths) and the
normalized soil properties.

Void ratios from the ICUL tests were plotted along with the results of

the IC tests on a void ratio-log stress plot. A best fit straight line was
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drawn among these points, the slope of the line being taken as the value of
Cc' the virgin compression index. Results from the IC tests were used to
determine the spacing of the delayed compression isochrones. Fig. 16 shows
the resulting void ratio-log stress plot with delayed compression isochrones
for the case of isotropic compression, The one minute and one year lines
shown in this figure are extrapolated lines based on the measured value of Ca'

Fig. 17 presents the normalized plots of deviator stress and excess pore
pressure versus axial strain develcped from the ICUL tests. Note that in
RBM-12, significant excess pore pressures were developed prior to the start
of the shear test as a result of mishandling while placing the cell within
the loading frame. However, test results still converged on the normalized
curve by the end of the test.

The void ratio-log stress plot with contours of constant deviatoric
stress level, describing the interrelationship between volumetric deformations
and deviatoric stress level, is shown in Fig. 18. Note that the abcissa of
this plot is (Gc'— Ud} where Uc' is the eguivalent immediate isotropic con-
solidation pressure corresponding to the void ratio of the soil. From an
analytical point of view, it would be simpler if the abcissa of this plot was
octahedral effective stress, Unfortunately, the octahedral effective stress
is not uniquely related to deviator stress for a constant void ratio, i.e. in

an undrained triaxial compression test, J!

OCT is not always a monotonic gquan-

tity--in some cases it may increase first and then decrease with increasing

strain. Therefore, J!

OCT cannot be used to describe a unique relationship,

The use of (OC' - Gd) as the abcissa in Fig. 18 is not the only way by
which void ratio and stress can be uniguely related. Other possible abcissa's
would be K x UéCT and D x UéCT' The final form in which this void ratie-log

stress relationship will be presented has yet to be determined,
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Future Tests

A series of undrained anisotropic creep tests must be performed to deter-
mine the parameters for the Singh-Mitchell equaticon. Cnce these wvalues are
established, all the parameters required to define the four components of
the general model described by equation (4) will be known, These parameters
will be input into a numerical model to predict the results of triaxial tests
involving a complex series of loads and drainage conditions. Laboratory tests
will be performed to evaluate these predictions and thus to ascertain the

validity of the general model.
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