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INTRODUCTION

The shear strength of clays can be expressed as a function of the
intergranular normal stress, and the slope and intercept of the shearing
resistance-effective stress relationships. Although of considerable
practical utility, these terms do not indicate the mechanism of shearing
resisténce in clay soils. In reality, shearing resistance of soils de-
pends on many factors including material composition, stress history,
temperature, strain, strain rate and structure. The stredéth parameters
defined by classical failure theories, i.e., Mohr Coulomb, do not reveal
the effect of these factors controlling the stress deformation behavior of
soils. Thus a number of phenomenon related to shearing resistance of
clays including creep behavior are poorly understood. Time dependency of
stress strain behavior of soils commonly referred to as creep is espe-
;ia1]y important in geotechnical problems where long term behavior is of
concern. .

Extensive studies on creep phenomenon have shown that the rate proc-
ess theory can provide theoreticai basis for anaiysis of stress-strain-
time behavior of materials including soils. The theory is helpful in
providing both an insight into the fundamental nature of soil strength and
means for mathematical formuiation of sof] behavior in terms of certain
factors such as temperature, material properties and soil structure.
However application of theory to soil behavior presents difficulties
arising from inadequate knowledge of soil structure. Since soil is a
barticulate material its behavior depends essentially on its strdcture.

The characterization of the structure of clayey soils and its analytical



evaluation, however, are difficult due to complex nature of clay structure
and its continuous variation with progressive deformations. Number of
different approaches has been followed to determine soil structure-ﬁoi]
behavior relationships. These include creep studfes, rheological model
studies and study of soil fabric with electron microscopy. However both -
the definition of soil structure and its effect on soil behavicr are still
highly qualitative and need further clarifications.

The scope of the present investigation was to study the creep be-
havior of soft clays emphasizing the effect of structural variations on
time-deformation behavior of soils. For this purpose the rate process -
theory and electron microscopy techniques were employed, and a soil struc-
ture concept, which treats the fundamental soil parameters defined in the
rate process theory as variables, was proposed. The proposed structure
model was found to apply .to real soil behavior and to clarify the meaning

and quantification of soil structure.



THEORY AND BACKGROUND
Rate Process Equation

Deformation of soil involves time dependent structura] rearrangement
of the material due to its particulate nature. Basic laws describing the
behavior of ideal continuum do not account for the structural rearrange-
ment of the material and thus presents difficulties when applied to soils.
There is a need for a fundamental theory which describes the mechanistic
behavior of particulate materials and accounts for structural changes.

The rate process theory provides parameters which relate material charac-
teristics including structure of the material to its mechanistic behavior.
The theory has been widely used in studying mechanistic behavior of soils
in particular soil creep (1,4,12,49,52,53,56,59). Detailed theoretical
development of the theory can be found in Glasstone et al. (31).

In the present study the following creep equation developed by Dorn
(22) for metals and adopted to soil creep by Noble and Demirel (59) was

employed to study time deformation behavior of clay soils:

AR
$=Ae Kl o8t (Eq. 1)

where

Yy = shear strain rate

A = proportionality constant

AH* = activation enthalpy
B = stress factor
T = shear stress



k = Boltzman's constant

T = absolute temperature

In the derivation of the equation the following assumptions have been -
made (58): 1. Clay particles are bound to each other by chemical bonds
(including van der Waals bonds). 2. The shear resistance of clay soils
is due to existence of an energy barrier (activation energy) between the
bonding units. 3. Displacement of a bonding unit occﬁrs when it sur-
mounts the activation energy. 4. The magnitude of the activation energy
is equal to the energy of the chemical bond minus the mechanical energy
absorbed by the bonding unit during deformation. 5. The energy necessary
to surmount the barrier is supplied by the thermal motion of the bonding
units. 6. The resultant strain rate, ¥, ig proportional to the number of
bonding units which have thermal energies equal to or greater than the
activation energy. 7. The number of bonding units having energies equal
to or greater than activation energy is given by Maxwell-Boltzman distri-
bution law.

The preexponential term, A, in Equation 1 includes the proportionali-
ty factor (frequency factor) relating number of activated bonds to strain
rate and the activation entropy which can be related to the relative
degree of orderness of the bonding units undergoing the flow. The stress
factor, B8, is equal to %%-in which B' is identified as the flow vo]qme.
The product 8°'t corresponds to the mechanical energy acquired.by each
bonding unit when the rupture of a bond is followed by a displacement.

The term g8' is a product of average bond area times the average distance
moved by a bonding unit when displaced, and therefore has the dimension of

volume. This parameter gives quantitative description of flow mechanism.



The term AH* is related to the bond enefgies involved in deformation proc-
ess and reflects the strength and nature of bonding in clay soils.

When the parameters, A, AH* and 8, in Eéuation 1 are considered to be
material constants the relationship expressed by Equation 1 indicates that
the shear rate is independent of strain and time since neither of these
quantities éppear on the right side of the equation. Actually shear rate
is time or strain dependent_in_soi] creep. The experimental creep curves
at low shear stresses show only a primary creep region which follows an
initial deformation; then deformations terminate with time. At relatively
high stresses (exceeding some limiting value) the curves are divided into
three portions: primary, secondary and tertiary regions where shear rate
decreases, remains gonstant and increases with time, respectively. In
many instances secondary creep does not occur (17,58). In the present
work the terms "tertiary creep" and “terminal creep" will be used to
%ndicate type a and type b creep curves shown in Figure 1, respectively.

To account for the time dependence of shear rate a structure function

y=Ae e”" s(y,t) (Eq. 2)
where v and t are strain and time respectively and s(y,t) is an unknown
function representing the time or strain dependent changes in the struc-
ture of the material (22,43). The application of Equation 2 to shear
deformations is not possible without the determination of the structure
function or elimination of the effect of structure function on shear rate.

To eliminate the structure effect, shear rates must be compared at
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Figure 1. Time deformation curves for soil creep




identical structures on experimental creep curves. There are different
opinions in establishing a criteria for the occurrence of identica]vgoil
struétures. Noble and Demirel (59) and Schmid (70) proposed that the
s0il structuré is equivalent at inflection points of tertiary creep
curves. According to Mitchell et al. (49,52) identical structure is
attained at equivalent time of shear. Andersland et al. (4) suggested
step 1oading creep tests, and comparison of shear rates at the instant
when stress intensity is changed. In these investigations, emphasis was
placed for thé experimental verification of the theory and determination

of soil parameters, and structural changes were not considered.
Soil Structure and Structural Changes

The following quote well describes the concept of soil structure

(94, p. 71):
We define soil structure as that property of soil which provides
the integrity of the system and which is responsible for response
to externally applied and internally induced sets of forces and
fluxes. Soil structure as a property includes gradation and
arrangements of soii particies, porosity and pore size distribu-
tion, bonding agents and specific interactions developed between
particles through associated electrical forces.
As suggested by the definition of these authors, soil structure consists
of two major components. In clay soils these components are fabric which
characterize the geometrical arrangement of mineral particles and void
spaces, and particle interactions which describe the bonding mechanism and
nature of shear resistance. Both components are interrelated and struc-
tural changes associated with creep deformations are the result of

changes in both components.



Variety of methods, both direct and indirect, has been used to study
the soil fabric and fabric-soil behavior relationships (50). Direct
methods include optical and electron microscopy, X-ray diffraction and
poré size distribution. These techniques provide direct data on specific
fabric features unless the original fabric is not disturbed during sample
preparation, as Qi]l be discussed in the following section. Indirect
methods for fabric chéracterization include acoustical, dielectric,
thermal and magnetfc measurements on clay water systems. These measure-
ments can be made directly on samples in their undisturbed, wet state.
Since the measurements are made on physica1 properties of the system
other than directly on fabric, the interpretation of data in terms of
fabric characterization is seldom straightforward (50).

Among the available techniques the electron microscope is the only

one that can reveal particle arrangements directly.
Fabric Studies with Electron Microscopy

Recent developments in electiron microscopy techniques have made the
observation of clay fabric and its alteration under the action of shear
deformations possible. Due to the relative ease in sample preparation and
the advantage of greater depth of field, scanning electron microscopy
(SEM) has been found superior to transmission electron microscopy (TEM)
and more frequently employed in clay fabric studies. However there are
number of difficulties with this technique arising from fabric disturb-
ances which occur during specimen preparations. In SEM studies observa-
tions are made in evacuated chambers. Therefore either removal or re-

placement of pore fluid from wet clay specimens is required. Both the



removal and replacement of pore fluid may cause fabric disruptions unless
proper techniques are employed (25,88,89). In SEM, the observations are
entirely dependent on the surface layers of the specimens which are most
subject to disturbances during sampling and subsequent specimen prepara-
tion. Grinding and cutting may result in partié]e rearrangements on the
surface (76). There may be loose particles on fracture surfaces obscuring
the original fabric features (76,88). Therefore in some cases observed
fabric of a specimen may reflect some features of preparaticn method, and
this limitation should be taken into account in fabric studies.

Fabric studies of clay minerals by Smalley and Cabrera (81), 0'Brien
(60), Tovey (87), Sankaran et al. (69), and Barklay et al. (11) have shown
that single isolated particle associations suggested by previous investi-
gators (36,84) do not exist. Particle assemblages such as aggregates or
pockets and pore spaces associated with them are common fabric elements
and they occur in a variety of forms with complex geometries. The fabric
of swelling type clay minerals consists of wrinkled continuous sheets or

films and do not show a particulate nature {(15,87,25). In nonswell

-lde

ng

type clay minerals, the fabric is usually ;haracterized by particle
assemblages which consist of oriented, densely spaced clay particles.
0'Brien (60) investigated the fabric of kaolinite and illite and noted
that the fabrics of both c]éys are dominated by three dimensional network
of twisted chains of face to face oriented platelets, and used the term
"stair stepped cardhouse" to describe the fabric. The terms “domain"
(2), "pockets or books" (80) were used by investigators to describe
aggregates of parallel oriented clay platelets. The terms "bookhouse"

“turbostratic fabric" were suggested to describe different arrangements
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of aggregates 'in-gross fabric. A summary of reﬁorted fabric features of
monomineralic clays can be found in Mitchell (50) and Collins et al.
(20). These studies have shown an apparent tendency for face to face
attraction of clay platelets in forming the aggregates. However the
nature of this attraction has not been stated by these investigators. |

Studies of shear induced fabric revealed that failure of clay
specimens tested in triaxial or direct shear results from formation of
slip zones with thicknesses ranging from 40 um to 109 um (9,45,28,55).
These shear zones are enclosed between two slip planes where perfect
“'particle alignments occur in slip plane direction. The particle preferred
orientations within these zones are less intense as compared to slip
planes and they are inclined to slip planes (9). Morgehstern et al. (55)
and Foster et al. (Zé) noted zones of minor discontinuities inclined to
slip zones and detected high degrees of particle alignments in these minor
discontinuities. In these investigations no information is given about
the fabric changes prior to the formation of clearly defined failure
pDianes.

There are only limited number of electron microscopy studies in
literature describing the fabric alterations taking place at successive
shear deformations. Vyalov et al. (91) investigated the changes in clay
fabric at various stages of creep deformation under pure shear. The
following quote summarizes the observations reported by the investigators
(91):

In case of creep having a damping character, changes in the struc-

ture were observed to be identical for the damping process of

deformation and for the unsteady flow stage of the general non-
damping creep process. These changes consist in the reduction of
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the number and size of cavities and pores here and there to be
compressed. and elongated in the direction of shear, which indi-
cates that there were local displacements of the particles and
microaggregates and they were packed more compactly. The longer
the duration of deformation process, the more were the cavities
reduced in size and number. But the basic reduction took place
in the initial period corresponding to the most intensive de-
velopment of the deformation.

The reorientation of clay particles tending to locate the basal
planes along shear direction took place during the steady flow
stage. Simultaneously, it was observed that on one hand a

clearly expressed flattening and elongation of cavities in the
direction of reorientation of particles took piace leading to

the reduction of their size, while on the other, very fine

wedge shaped fissures originating from the cavities or extending
from one cavity to another, i.e., in the areas of least resistance
developed. :

During the stages of progressive flow (tertiary creep) an inten-

sive development of macropores and microfissures was observed,

and fused together and formed a network of micro and macro fis-

sures. Often the fissures extended through the whole microsec-

tion, as if dividing the soil into separate parts. The pre-

vailing orientation of the large fissures corresponded to the

direction of shear.

The analysis of the structure revealed that independently of the

size of the load and deformation duration, the failure started

when the development of the fissures reached a certain magnitude

which represents a constant for the given soil.

Foster et al. (28) studied the fabric of soft kaoline under direct
shear. These authors suggested the following fabric alterations prior to
the formation of slip zones considering their fabric observations with
transmission electron microscopy and volume change behavior of specimens:
“Initially random fabric collapsed under shear loading before peak shear
stress. The particies sliided and turned through angies between 0° and 90°
and on average through an angle in excess of 45°, and consequently became
highly oriented parallel to the direction of shear loading."” These
authors observed no sign of degradation of pafticles after shear loading

and concluded that the rotational movement of particles took place without
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mutual fracturing. According to the authors this wel]-orieﬁted fabric
would then be susceptible tb formation of discontinuities and slip zones
at peak stress intensity.

Implicit in a single and independent structure functionlconcept as
formulated by Equation 2 is the fact that the parameters, A, AH* and 8 as
stated eariier (p. 5), are structure independent material constants, and
the structural variations are only accounted for through the structure
function. Evaluation of the structure function may possibly be done by
measuring the fabric variations observed by scanning electron microscdpy
and correlating them with the creep behavior. This approach is the pri-
mary objective in Vyalov et al. (91) and Zretskii and Vyalov's (95) in-
vestigations. The complex nature and heterogeneous geometry of clay
fabric and lack of simple measurement techniques with SEM, however, make
such an approach difficult. This difficulty on the one hand and the
difficulty in describing for the material a reference state at which
parameters A, AH* and g would have their characteristic values on the
other hand led the author of the present study to a different approach for

evaluation of the clay structure and the structural changes occurring
| during deformation. In this approach the parameter A, AH* and g are
treated as structure dependeﬁt material properties and as such they de-
scribe total deformational (mechanistic) behavior of clay without a need
for an additional structure function. A reference state, however, was
still needed for the complete description of these parameters. The state
of the clay material at the inflection point of creep curve was selected

as the reference state. The value of A, AH* and 8 in all of the other
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states attafned in the deformational history of the clay were evaluated in
reference to those in the reference state. It is interesting and pleasing
to note that the aforementioned SEM work by Vyalov et al. (91) is in
compiete support of the approach formulated in the present study. It
seems appropriate to briefly discuss in reference to the parameters A,
AH* and g8, the supporting evidence found in the work of Vya]ov et al.
(91) at this point and refer to it later when needed: 1) During the pri-
mary creep the structural defects are reduced causing mofe order in
orientation,.that wouid decrease A and causing closer particle association
that would increase AH* and g' through formation of stronger bonds and
larger structural ﬁnits, respectively. 2) At the secondary (steady
state) creep highest order of orientation and closest particle orientation
would cause A to attain its minimum value and AH* and 8 attain their
maximum values. The point of inflection represents the climax of second-
ary creep. 3) During the tertiary creep disintegration of microaggre-
gates, growth of fissures and formation of new fissures destroy the
ocrderliness of corientation cuasing an increase in A and lcosen particle
association which cause AH* and B to decrease due to weakened bonds and
reduced size of structural units, réépective]y.

~ A detailed SEM investigation aimed at studying the structural changes
which occur in the shear zone during the various stages of deformation was
initiated during the course of the present study. It was found that
sample preparation techniques were of at most importance for obtaining
meaningful results. The results of the investigation of'samp1e prepara-

tion techniques can be found in Erol et al. (25). Due to complexity and
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time consuming nature of SEM studies a full time research effort was
needed for the SEM work to obtain satisfactory results. Since the work
of Vyalov et al. (91) has provided convincing evidence, it was decided to

concentrate on mechanistic aspects of the study.
Particle Interactions and Bonding in Clay Soils

There are various interaction energies contributing to bonding forces
among clay particles. In clay water systems interaction between charged
clay surfaces and polar water molecules results inan increased structural
organization of water molecules close to particle surfaces (41,21,39).

The exact nature of this interaction is not known. Hydrogen bonding,
charged surface-dipole attractions, hydration of exchangeable cations
close to particle surfaces and 6ther van der Waals attractions are the
possible mechanisms for clay-water interactions (39). Few molecular
layers of water, which is called adsorbed water, are strongly held on clay
surfaces due to these interactions and considered as an integral part of
ciay particlies. The properties of the adsorbed water inciuding density,
viscosity, freezing point, bond strengths and thermodynamical properties
are known to be different than ordinary water (39,40,5,38,44). The ad-
sorbed water may partly account for bonding in clay snils (86), and asso-
ciated bond energies are expected fo decrease with distance from clay
surfaces due to a decrease in surface force Fields. The hydration of
charge compensating cations in the presence of water give rise to the
formation of diffuse double layers adjacent to clay surfaces -(90). When

two particle faces are brought into ciose proximity, electrical forces
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develop due to interference of double layers. These forces include double
layer repulsions and London van der Waals attractions. The magnitude of
the net interaction energy is dependent on distance between clay surfaces.
Jouble layer interactions may contribute to bonding forces and partly
account for bonding in clay soils. In addition, Coulombic attractions
between positfve]y charged edges and negatively charged surfaces of clay
may give rise to bonding forces among clay particles (36,84). Thus bond
energies in clay soils reflect the combined effect of various interac-
tions.

The bond energies arising from clay-water, double layer, and surface
interactions are dependent on particle arrangement and interparticle dis-
tances, therefore it 1s reasonable to expect that changes in soil struc-
ture due to changes in particle orientations and interparticle distances
may cause variations in bond energies, and subsequently shear resistance
of c]ay soils may vary with deformations.

One group of investigators (51,53,16) believe that the actual area of
contacts between clay particles {(asperity contacts) is so smail that even
at apparent stress levels much lower than yield stress of clay minerals,
extremely high cdntact stresses develop at these asperities. Subsequent
plastic yield at the contacts initiates primary type bonding in clay
soils. Existence of adsorbed water layers, and high desorption energies
required to remove these layers from clay surfaces (68) precludes possi-
bility of direct mineral to mineral contacts in clays. In addition born
repulsion forces become effective as mineral phases come in contact and

resist interpenetration of crystal latices (90). Born repulsion may be
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another reason which pfevents primary type bonding in clays. In summary
bonds in clay-water system are of a composite nature and probably van der
Waals bonds in a broad sense that implies all electrical interactions
(except ionic and covalent) and the hydrogen bond best describe the
bonding in a clay water system. And as such the bond energy in a clay
water system is an average interaction energy representing a weighted
average of all states of electrical interactions which exist in the

system. This does not violate any of the requirements of the rate process

theory.

Primitive Model

A primitive model will be described here to define a reference state
for stress-strain-time behavior of a real clay water system analogus to
description of ideal gases or real solutions as opposed to real gases or
real soluticns.

In an experimental creep curve as shown by’the solid line in ngure 2
{real creep behavior), the shear rate decreases over primary stage up to
the inflection point I, then starts to increase in the tertiary stage.

The theoretical expression given by Equation 1 implicitly states the
following: If the structure had remained constant, creep curve would have
been a straight line after an initial strain that is obtained immediately
upon stressing. Then any deviation from the linear time deformation be-
havior can be attributed to the structura] differences.

Following this line of reasoning the structure of the soil at inflec-
tion point was selected as a reference structure, and tangents to the

creep curves at inflection points were drawn to represent a flow condition
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progressing at constant reference structure. This idealized behavior will
be called primitive model. The primitive model shown in Figure 2 is
characterized by three reference structure states: initial structure Si’
flow structure Sf and rupture structure Sr; The initial structure Si is
brought to a flow structure Sf when a soil element experiences the initial
adjustment strain yg immediately upon stressing. Structure remains con-
stant at this state until endurance limit, point Y, of the soil is
reached. At this point structure Sf changes to a rupture state Sr within
an infinite small time. At point I the primitive model coincides with
real creep behavior as shown in Figure 2. Two strain ratios are defined
to quantize the departure in the behavior of real clay from that of

primitive behavior, as follows:

Ye
M=—
m
Y¢
R=—-1.0
m
where Ye and Yy, are real creep and primitive model strains at 2 given time
t, and M and R are mobilization and rupture ratics, respectively. The

total creep time is divided into two intervals, mobilization period (from
0 to I in Figure 2) and rupture period (from 0 to Y). The mobilization
ratio will be a small fraction at the beginning of the mobilization period
and increase to a value of one at the inflection point I. Similarly the
rupture ratio will increase from zero at the inflection point to higher
fractions as tertiary.strains progress. The ratios are defined independ-
ently to emphasize the two different behaviors, primary-strain hardening

and tertiary-strain softening, respectively. Further, it is assumed that
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the flow structure Sf occurring under different shear stresses is the same
for a given material composition and testing condition. In other words
flow structure Sf corresponds to a unique particle arrangement and inter-
action energy state which is independent of the shear stress. . Noble (58)
and Marley (43) demonstrated the experimental verification of this assump-
tion. The following quote from fabric studies by Vyalov et al. (91)
states some direct evidences indicating that the structure is independent
of shear stress at flow state.

The analysis of the structure revealed that independently of the

size of the load and deformation duration, the failure started

(authors define failure as the beginning of tertiary creep) when

the development of the fissures reached to a certain magnitude

which represents a constant for a given soil.

As noted earlier, the departure of the deformational behavior of the
so0il corresponding to a point on the real creep curve from that of the
_ constant rate flow model (primitive model) can be attributed to the dif-
ference between the structure of the soil at that point and the reference
structure (primitive model). The absolute value of mobilization ratio at
that particular point is selected as a quanfi ative measure of this struc-
tural difference. Thus on the strain time curves of a clay-water system
at various shear stresses points of equal mobilizations will correspond to
the point of identical structures. To estab]isﬁ the shear stress-creep
rate relationships and to determine flow volumes B8' independent of struc-
ture effects, the creep rates at point of equa1 mobilizations must be
compared as illustrated in Figure 3. Similarly on creep curves obtained
at various temperatures and fixed level of shear stress, the strain rates

at equal mobilization ratios should be compared to determine activation

enthalpies, AH*, as shown in Figure 4.
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The hypothesis proposed is summarized below:

1. Under a given stress and temperature the strain predicted by the
rate process theory is equal to the real strain experienced by a clay
water system at the inflection point of the deformational history (creep
curve). This describes the creep curve predicted by the rate process
theory.

2. Deviations of strain time behavior of a clay water system from
that predicted the rate process theory is due to structural rearrangements
which occur during the deformation of the clay water system.

3. Under any two different stresses (temperature constant) or at any
two different temperatures (stress constant) the two strains experienced
by a clay water system at identical structures are directly proportional
to respective strains predicted by the rate process theory. The coeffi-
cient of proportionality is defined as the mobilization or rupture ratio.

This hypothesis has been verified by the experimental results.
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METHODS OF INVESTIGATION
Materials Tested

Two different clays were tested in the experimental program. The
first, montmorillonite, was obtained from Ward's Natural Science Estab-
Yishment, Inc., New York. This clay is known as Wyoming Bentonite and is
essentially sodium montmorillonite with minor amounts of feldspar and
quartz. The second, Grundite clay, collected from Morris, I1linois, con-
sists of mainly illite with minor amounts of kaolinite (92). The clays
were sieved through a numSer 200 standard sieve and only finer fraction

was used to prepare test specimens. The properties of clays are summar-

ized in Table 1.

Table 1. Properties of clays

Property Grundite Bentonite
Liquid limit, % 58.6 515
Plastic limit, % 28.4 51
Shrinkage limit, % 19.3
Percent finer than

2 micrometers 72.2
Mineralogical IT1ite with minor Predominantly
composition amounts of kaolinite sodium mont-

morillonite
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Shear Apparatus

One of the basic requirements of rate process theory is simultaneous
determination of stresses and strains in a soil specimen subjected to
large deformations under the action of externally applied loads. This
requirement cannot be met by employing standard soil testing techniques,
namely, triaxial and direct shear testing. Both testing methods have
limitations arising from indeterminate state of stresses and strains at
large deformations (83,75,37).

In the present work simple shear test was selected as a method of
testing which met the requirement'of uniform strain application and its
accurate measurement. Early investigations have shown that simple shear
apparatus is capable of satisfying this requirement over a wide range of
deformations (62,65,66,14,8,26,33). In this study the apparatus original-
1y designed by Hartwell (33) was modified and used in creep testing. A
picture and the diagrammatic representation of the apparatus are shown in
Figures 5 and 6, respectively.

The mechanical details of the apparatus is shown in ngure éb. The
'basic features are the following: The normal load in the form of a sus-
pended weight is applied to (1) through a guide system (3). Guide system
is composed of two cylindrical shafts rigidly mounted to the base plate
(6). Two bushing bearings (4) are fixed to the ends of the voke (2) so
that the shaft and the bearings ensure vertical alignment and constrain
the loading plate to move vertically without any friction. With this

system tilting and the tipping of the loading plate (1) is securely pre-

vented.
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Figure 5. Simple shear apparatus



Figure 6.

(a) DIAGRAMATIC REPRESENTATION

(b) MECHANICAL DETAILS

Mechanical details of the apparatus

32
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The volume changes of the specimen is monitored by the vertical
displacement of (1) by means of a linear variable differential trans-
former, LVDT (5), mounted on the normal load frame. The frictionless
roller bearings (7) are mounted on the sides of the shear box, to move the
box in horizontal plane and alignment in the direction of shear loading
is achieved by tracks (8). Shear load is applied through a rod (13)
connected to the lateral brace (9) in form of suspended weights. Shear
displacement is monitored by means of a LVDT attached to the shear load
rod.

The side walls (10) and the shear gates (11) are made of chrome
plated steel and covered with Teflon to minimize friction on the shear
box-soil interfaces.

The shear gates (11) are assembled to the shear box by means of
hinges at b and d, as shown in Figure 6b. Adequate friction between the
specimen and the bottom and top plate of the shear box, which is necessary

to transfer the shear loads to the specimen, was achieved as follows. The

loading plate (1) was machined with a series ¢of sharp ribs cone millimeter
high, transverse to the‘shear direction and bottom plate was covered with
coarse sand paper.

Clearances between the side walls, and load plate and shear gates
were allowed so that no frictional contact would be made during shear.

Specimens were maintained at constant temperature by controlling the
temperature of the air around the shear box. The system consisted of a
double layered insulated asbestos housing, two heating elements, a fan and

a solid state temperature controller accurate within +0.5°C.
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Figure 7 shows a modeling clay specimen which experienced 0.263 %%
shear strain under constant normal and shear stresses of 10.0 psi and 2.7
psi, respectively. Uniform deformations were achieved throughout the
specimen except a small portion at the bottom. A thin zone experienced
relatively less deformations than the rest of the specimen. This non-
uniformity was introduced by the hinges at b and d in Figure 6b imposing
an unstrained dead zone at the bottom. This limitation of the apparatus
was considered to be outweighed by the advantage of the uniformity of the
strains throughout the large portion of the specimen.

Although the strains are uniform in simple shear testing, the stress
conditions within the specimen are not completely known (23,42,65). An
attempt was made to investigate the stress con&itions in simple shear.
Four contact pressure_transducers were mounted on the shear box. The
lateral pressures on the shear gates were measured by transducers a and b
Tocated at mid-height of the sbecimen, as shown in Figure 8. Bottom
pressures were monitored by means of transducers c and d located in the
base plate, at one-third of the base length from the ends. A series of
constant strain rate tests were run with a kaolinite sample and the
typical stresses measured are shown in Figure 8.

In Figure 8b the pressures recorded on shear gates are plotted as a
function of applied shear strains. The lateral stresses increased con-
tinuously to magnitudes in excess of applied normal stress of 10 psi at
high strains. Figure 8c shows the recorded pressures at the base of the
specimen. The magnitudes of the incremental stresses were in the order of

10 to 30 percent of the applied normal stress of 10 psi.
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Figure 7. Deformations in simple shear
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The relatively high stresses measured on the shear gates suggested
that the shear deformations are imposed by the combined effect of the
applied shear stress on the horizontal plane and the normal stresses de-
veloping on the shear gates. This observation further implies that the
idealized siﬁple shear cbnditions do not exist in simple shear testing of
soils. The stress conditions within specimens approach the triaxial state
of stresses as suggested by Duncan et al. (23).

The different magnitudes of pressures suggested a nonuniform normal
stress distribution along the bottom of the specimen. Roscoe et al. (67)
measured the stresses on all soil-shear box interfaces by emp?cying.ex-
tensive instrumentation and their results indicated that all the boundary
stresses are actually nonuniform in the simple shear test. These observa-
tions are in agreemeni with the results of mathematical solutions employ-
ing linear elastic (65) and nonlinear elastic (23,42) models for the
simple shear boundary conditions. Due to the nonexistence of cempli-

mentary shear stresses along the shear gates the moment equilibrium. of the
specimens is not maintained. As a result, stress nonuniformities devels
along the boundaries of the specimens to assist in maintaining the equi-
1ibrium as shown in Figure 9. The magnitudes of the nonuniform stresses
are proportional to the sample height as illustrated in Figure 10, since
the unbalanced moment is the product of the sample height and the magni-
tude of applied shear force. To reduce the magnitude of unbalanced .

moment and therefore the nonuniformity of stresses, the specimen heights

were reduced to 1/2 inch.
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Because of the comp]exify of the stresses developing along simple
shear boundaries an accurate stress analysis is difficult to perform.
However mathematical solutions for the particular boundary value problems
suggest that the nonuniformities are localized and large portions of the
specimens are under uniform stress conditions (65,67,42). For: the purpose
of the present work, simultaneous measurement of stresses and strains in
only one direction was sufficient to describe the stress-strain-time re-
lationships of the soils. Therefore no further attempt was made to in-
vestigate entire state of stresses and strains. In the analysis of the
test results, the externally applied shear force was considered to result
in a uniformly distributed shear stress on the horizontal planes; the
stress-strain-time relationship of the specimens were characterized by

this stress and the measured shear strains in the horizontal direction.
Testing Procedure

Clay samples which were originally sieved through number 200 standard
sieve put through a number 80 sieve to eiiminate lumps which might‘form
during storage. The proper amounts of dry powder thus prepared and dis-
tilled water were mixed to obtain clay pastes at a predetermined moisture
level. Water was added gradually while the samples were kneaded by hand.
?or lower moisture content specimens, water was added in excess of the
amount predetermined.' The excess moisture was then evaporated by air
drying and kneading. This procedure eliminated the uneven moisture
distribution. The moist batches were placed into polyethylene bags and

cured at 100 percent relative humidity for at least 48 hours prior to
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testing. Predetermined weights of specimens were then removed and kept
individually in plastic bags. The moisture contents of the specimgns were
determined, and the ones having moisture contents deviated.approximately
+0.5 percent from the average moisture content of the particular test
series were discarded to minimize moisture variations.

Before each test, the clearances along the hinges and between the
side walls and shear gates of the shear box were covered with lubricated
aluminum foil strips. This was necessary to prevent extrusion of the
specimens during testing and to control drainage conditions.

The individual test specimens were kneaded by hand prior to molding
into the shear box to eliminate possible thixotropic hardening effects.
Molding was followed by an application of 15 psi normal pressure for 5
minutes to seat the specimens. After this step, the load and loading
plate wére removed, and the clay extruded through the clearances petween
loading plate and side walls of the apparatus was cleaned to eliminate

friction development.

horizontal and vertical deformations of the specimens Were calibrated
mechanically by means of an ames dial. A lab 1ift (jack) was used for the
application of the shear loads and care was taken not to impose impact
effect to the specimeﬁs during the instantaneous application of the shear
loads.

The shear deformations were recorded continuously on a Houston
" Omnigraphic Model 3000 strip chart recorder having a chart speed range of

0.06-24.00 inches per minute. A Houston Omnigraphic Model 2000 X-Y
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recorder was used to record vertical deflections to cohpute voiume changes
against horizontal deformations.

The testing témperatures were limited to the range 10°C-65°C because
of the following reasons. During preliminary tests, considerable moisture
losses (in the order of 4 to 5% of the dry weight of the clay) were ob-
served when the specimens were heated to temperatures above 65°C, and
testing temperatures beyond this temperature were not employed. To obtain
testing temperatures lower than the room temperature cold nitrogen gas was
circulated in the asbestos housing unit surrounding the shear box. The
temperature of the nitrogen gas was lowered by circu]atiné it through
1fquid nitrogen prior to entering into the asbestos housing unit. At
temperatures lower than 10°C, difficulties were met in supplying nitrogen
gas and liquid nitrogen continuously during testing. Therefore 10°C was
taken as the lower limit for the testing temperatures. D%rect measure-
ments of temperatures of the clay pastes placed in the shear box (speci-
mens were covered by a thick film of grease on the top to prevent evapora-
tion) showed that 105-120 minutes ¢of initial heating was sufficient for
the sbecimens to equilibriate with the highest testing temperature of
65°C. The equilibration time of 150 minutes was then adopted for all

temperature ranges.

The total of 111 creep tests were divided into two series B and C.
In B series 35 tests were run on bentonite clay. In this series moisture

content was kept constant and shear stress and testing temperature were
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varied to study temperature and stress dependency of the creep rates. The
C series inc]udes 76 creep tests performed on Grundite clay. This series
is divided into 5 groups C.1 to C.5 each corresponding to different
moisture contents. Within each group all testing conditions were the same
except shear stress and temperature. The test series and groups are

summarized in Table 2.

Table 2. Test series

Average moisture

Normal stress content, M.C.
Series Clay o, psi % dry weight
B Bentonite - 6.0 70.5
C.1 Grundite 6.0 33.0
c.2 Grundite 6.0 35.6
C.3 Grundite : 6.0 41.1
C.4 Grundite 6.0 46.0
C.5 Grundite 6.0 52.1

Difficulties were met with bentonite clay due to its highly thixo-
tropic nature. Time and temperature dependency of thixotropic behavior

presented difficulties in determination of strain rates at various tem-

could be determined with confidence, the other parameters A and AH* could
not, due to variation of structure with temperature (accelerated thixo-
tropic hardening with increasing temperature). This could be remedied by

curing all the samples at the highest test temperature until the attain-



37

ment of constant structure. However AH* determined in this way would
apply to thixotropically hardened montmorillonite. A study of thixotropic
hardehing mechanism of montmorillonite should be undeftaken first. Be-
cause of time limitations this study was not undertaken. For these |
reasons discussion of montmorillonite is put in Appendix A as a separaté
entity. To formulate the rate process theory for stable clay water sys-
tems the main thrust of the work was éimed at Grundite-I1lite clay which

seemed to be free of these problems.
Scanning Electron Microscopy Studies

SEM studies require that the clays or soils be dry when they are
placed in the instrument. The observations are significant only if the
solid state is observed in the same condition at which it exists when the
water is present. Clay water systems are colioidal systems and the re-
moval of the water phase without disturbing the original fabric is a
formidable pr051em (89,25). Among the techniques available which include
oven-drving, vacuum-drving, air-drving, substitution-drving, super-criti-

“cal drying and freeze drying, freeze drying has been shown to result in
least sample disturbances (89,25). In the present investigation the
freeze drying technique described by Tovey et al. (89) and Erol et al.
(25) was selected as the method of specimen preparation for SEM studies.

In this method, isopentane which is first cooled down to its freezing
point of -160°C is us;d as the freezing medium. This was achieved by
immersing glass jars filled with isopentane in liquid nitrogen and keeping

them in liquid atmosphere for about 10 minutes. Then small pieces of clay
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water mixe; (apbroximate]y 1 gram) placed in small aluminum dishes were
immersed into this cold isopentane. To assure complete freezing, the
specimens were kept in isopentane for approximately 2 minutes. Direct
measurements by Tovey et al. (89) indicate that the specimen temperatures
of -150°C can be achieved within 15 seconds after the specimens were
immersed in isopentane.

Sublimation was achieved in a Virtis freeze drying apparatus in which
the samples were held under a vacuum of 2 to 5 x 10~* torr at a tempera-
ture of -60°C for 24 to 48 hours. The freeze dried samples were then
fixed on the stubs and coated first with carbon and then with gold about
200 to 30Q R thick in a Danton vacuum evaporator.

Peeling technique described by Dides (76) was employed to eliminate
the presence of loose particles, which may obscure the original fabric
features from surfaces. For this purpose an adhesive tape was applied to
the surface of the specimens approximately 100 times.

A model JSM-U3 scanning electron microscope was used at an acceler-

ating voitage of 25 KV throughout the study.
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RESULTS, ANALYSIS, AND DISCUSSION
Method of Analysis

A finite number of data points were selected from continuously re-
corded charts to represent the deformation versus time curves recorded in
all creep tests. These points were chosen in such a manner that the
portion of the time deformation data which was defined by two successive
data points was approximately a straight 1ine. By this approximation to
the continuously recorded curve it was possible to calculate the first

derivative of the shear strain with respect to time as follows:

Yit1 - Y4

Y2 "t -t (Ea. 3)

where ti and ti+] are the time, and ¥; and ;41 are the strains corre-
sponding to two successive points on the recorded curve. Then the strain
rate at the time (ti + ti+])/2 or at the strain (yi + yi+])/2 is given by
?(2i+1)/2‘ A 9100 B Hewlett-Packard computer was employed to obtain
printout values of the time versus strain and the strain rate versus time
and strain.

This method is an approximation since the slope of the strain versus
time curve is computed for an increment of the curve and reported as the
strain rate at a point. However by choosing data points at proper time
intervais, tne pfecision of the caicuiations can be made adequate for the
intended purpose. Figure 11 shows the data scatter from the smooth curve
thus illustrating the magnitude of reading errors involved in the proce-

dure described. For all creep tests, it was possible to fit continuous
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curves to the calculated Qata points by eliminating the few-scattered
points which reflected the reading errors.

The time versus strain, the logarithm of strain rate versus strain
and the logarithm of strain rate versus logarithm of time plots were then
made and used as the primary data for further analysis. Because of the
large number of tests and very large number of individual data points ob-
tained for each test, it is not practical to include all of the primary
data from all tests in either tabular or graphical form, only tables of
observed quantities and representative graphs have been included for each
type of analysis.

The minimum strain rates, ¥y, which occurred in tertiary créep curves,
were determined from the minima of log y versus y plots as shown in
Figure 11. Two different Ys (the strain corresponding to if on creep
curves) were determined independently. First, the strain magnitudes
corresponding to minimum strain rates on log y versus y plots were found
as shown in Figure 11. Secondly, values of Yg were defermined by using
strain-time curves on which épproximate]y linear segments were observed
around inflection points (approximate tangent to the curve) and the
strains corresponding to the centers of these segments were taken as the
second approximation for Y- The averages of the fwo, which appeared to
be close to gach other in most of the tests, were taken as representative
values for Y- Table 3 shows the agreement between two procedures fol-

lowed to determine Y¢ values in C.4 series.
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Table 3. Y¢ values in C.4 series

vf> in/in, from Yf; in/in, from Yf, in/in
Test No. vy vs. t plots Log ¥ vs. y plots average
C.4.1 8.53 x 10-2 8.50 x 1072 8.52 x 10~2
C.4.2 9.35 x 10~2 9.15 x 1072 9.20 x 1072
C.4.3 8.00 x 10°2 7.60 x 10-2 7.80 x 1072
C.4.4 9.40 x 1072 9.00 x 1072 9.20 x 1072
C.4.5 6.15 x 10-2 6.20 x 1072 6.18 x 1072

The time of occurrence of the minimum strain rates were determined by
reading the time corresponding to Yg ON the strain time plots. The
primitive model strains corresponding to a givén time t were then calcu-

lated by the following relationships:

LRI T (Eq. 5)
where te is the time of occurrence of ¢ {and if), y? is the primitive
model initial strain at zero time and Y is the primitive model strain at
time t. Combining Equations 4 and 5, the following relationship is ob-
tained:

;rm = vg - ¥(t-t) | . (Eq. 6)
Mobilization ratios M and rupture ratios R were found by taking ratios of
the experimental creep strains, Yoo to primitive model strains, Y calcu-
lated from Equation 6. The ratios M and R were plotted against the

strains for each test. Then it was possible to determine the time, strain
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and strain rates for a particular value of M (or R) ratio. Typical M or R
versus strain curves are shown in Figure 12.

The strains and strain rates in the initial portion of the creep
curves were found to be affected by the uncontirollable experimental errors

involved in the instantaneous application of the creep shear stress.

| Therefore the mobilization ratios smaller than 0.30 were affected by these
experimental errors. In addition, the strains progressed rapidly and
subsequently the strain rates were high and difficult to evaluate during
late tertiary creep deformations. Due to these facts the mobilization
ratios of 0.4-1.0 and rupture ratios of 0.0-0.3 were considered in the

analysis of the test results.
Test Results

In both B and C series tests which were run using bentonite and
grundite clay respectively, both the terminal and tertiary creep be-
haviors, depending on the stress level, were observed within the 24 hours
of shearing time allowed Tor the specimens. Typfca1 time deformation
curves as examples of the terminal and tertiary creeps are shown in
Figure 13.

For the tertiary creep curves logarithm of straiﬁ rates corresponding
to the same M and R ratios were plotted against shear stresses and are
shown in Figures 14 to 21 for the C series. The slopes of the straight
lines on these plots are equal to the coefficient g in Equation 1. The
Figures 21 to 27 show the plots of log strain rates at equal M and R

ratios versus reciprocal of absolute temperatures for C.1, C.3 and C.4
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~group tests. The tests included in these plots were run at different
temperatures and at a fixed level of shear stress, therefore the slope of
the straight.lfnes gives the value of A%: in Equation 1.

The best fitting straight lines to the experimental points were found
by least squares regression analysis ahd the results of the analysis are
summarized iﬁ Tables 4 to 7. In the present investigation, the basic
assumption made was the occurrence of equivalent soil structures at points
of equal mobi]ization and rupture ratios. This assumption is supported by
the linearity of the log y versus t and log ¥ versus %-p]ots shown in
Figures 14 to 21 and high correlation coefficients, r (close to 0.99 in
most cases), given in Tables 4 to 7. Relatively ]oﬁ values of r (0.92-
0.95) corresponding to M and R values of 0.4-0.5 and 0.2 to 0.3, respec-
tively, reflected the limitation of the method employed to calculate the
strain rates. The time intervals between the successive data points were
kept small sb that for highly curved portions a closer approximation to
Tinearity could be achieved. The error in strain rate is equal to the
ratio %%-where éy is the reading error in strains and At is the time
interval between two successive data points. Since magnitude of 8y is the
same for all points, smaller time intervals reéu]ted in higher ratios of
8y
At®

For each mobilization and rupture ratio, the flow volumes 8', activa-
tion enthalpies AH* and proportionality constants A were calculated from
the slope and intercept values listed in Tables 4 to 7. These values are

given in Tables 8 and 9. The values of g', AH* and log A were then

plotted against the M and R ratios and are shown in Figures 28 to 32.



Table 4. C.1 series creep parameters

Regression analysis

1og vy vs. t log vy vs. 1/T
Slope Intercept Corr. Coeff. Slope ‘ Intercept Corr. Coeff.
MorR 8 C] r AH*/k 02 r
M=0.40 0.935 -5.049 0.968 -1.149 x 103 3.902 0.872
0.50 1.458 -8.147 0.979 -2.112 x 108 6.829 0.970
.0.60 2.043 -11.665 0.980 -3.267 x 103 10.324 0.991
0.70 2.922 -16.895 0.984 -4.358 x 103 13.568 0.994
0.80 3.390 -19.845 0.993 | -5.174 x 103 15.937 0.995
0.90 3.527 -20.924 0.989 -5.856 x 103 17.835 0.998
1.00 3.725 -22.522 0.989 -6.858 x 103 20.642 0.997
R=0.05 3.282 -19.696 0.989 -5.827 x 103 16.957 0.985
0.10 3.218 -19.112 0.972 -5.527 x ]b3 15.258 0.983
0.20 2.441 -14.382 0.894 -4.914 x 103 13ﬁ763 0.978

19



Table 5. C.3 series creep parameters

Regression analysis

log vy vs. 1 log y vs. /T
o Slope Intercept Corr. Coeff. Slope Intercept Corr. Coeff.

Mor R B C] r AH*/k 02 r

M=0.40 1.848 -4.667 0.928 -2.407 x 103 8.367 0.967
0.50 3.588 -0.859 0.925 -3.284 x 103 11.048 0.984
0.60 4.664 -13.115 0.958 -3.935 x 108 13.027 0.978
0.70 5.660 -16.178 0.973 -4.302 x 103 14.059 0.978
0.80 6.453 -18.655 0.980 -4.753 x 103 15.362 0.970
0.90 6.861 -20.170 0.986 -5.208 x 103 16.535 0.977
1.00 7.394 -22.221 0.990 -5.114 x 103 15.794 0.989
=0.05 6.212 -18.668 0.991 -4.600 x 103 14.374 0.991
0.10 5.642 -16.741 0.994 -4.531 x 103 14.292 0.991
0.20 3.579 -10.463 0.915 -4.478 x 103 14.329 0.985
0.30 2.968 -8.446 0.964 -4.139 x 103 13.459 0.986

29



Table 6. C.4 series creep parameters
Linear regression analysis
log ¥ vs. T Tog v vs. U/T
Slope Intercept Corr. Coeff. Slope Intercept ~Corr. Coeff.
MorR [ C] r AH*/k 02 r
M=0.40 2.080 -5.447 0.928 -2.189 x 103 7.309 10.988
0.50 2.477 -6.698 0.958 -2.342 x 103 7.564 0.978
0.60 2.748 -7.637 0.990 -2.703 x 103 8.481 0.997
0.70 3.020 -8.599 0.991 -2.648 x 103 8.080 0.991
0.80 3.184 -9.239 0.988 -2.561 x 103 7.567 0.984
0.90  3.459 -10.202 0.982 -2.709 x 103 7.799 0.974
1.00 3.793 -11.436 0.984 -2.785 x 103 7.749 0.974
R=0.05 3.892 -11.537 0.983 -2.641 x 103 7.540 0.978
0.10 2.888 -8.488 0.984 -2.350 x 103 6.792 0.982
0.20 2.411 -6.902 0.983 -1.707 x 103 5.006 0.963
0.30 2.359 -6.550 0.956

€9



Table 7. C.2 and C.5 series creep parameters
Linear regression analysis _
log ¥ vs. 1 for C.2 series log v vs. Tt for C.5 series
Slope Intercept Corr. Coeff. Slope Intercept Corr. Coeff.
MorR 8 C1 r B C] r
M=0.40 - - - 2.541 -2.885 0.937
0.50 1.256 -5.496 0.920 3.089 -3.758 0.978
0.60 2.427 -11.369 0.983 3.935 -5.038 0.998
0.70 2.71% -12.872 0.982 4.553 -6.025 0.999
0.80 2.897 -14.064 0.982 5.123 -6.954 0.999
0.90 3.148 -15.488 0.986 5.592 -7.758 0.999
1.00 3.21 -16.223 0.996 6.199 -8.900 0.997
R=0.05 ~ 2.860 -14.290 0.992
0.10 2.559 =12.706 0.987
0.20 2.165 -10.576 0.974

0.30

¥9



Table 8. Creep parameters

C.1 series, M.C. = 33.0% C.3 series, M.C. = 41.1%
B' (3'21/3 AH* B' (3'21/3 AH*
Mor R 106 A3 A Kcal mol-1 Log A 10 A A Kcal mol1-1 Log A
M=0.40 1.29 109 5.26 -1.218 2.56 137 11.01 3.360
0.50 2.02 126 9.66 -1.106 4.96 171 15.02 1.085
6.60 2.83 141 14.95  -0.797 6.45 186 18.06 -0.001
0.70 4.40 159 19.94 -2.369 7.83 199 19.68 -1.837
0.80 4.69 167 23.67 -2.599 8.92 207 21.75 -2.811
0.90 4,88 170 26.79 -1.405 9.49 212 23.83 -2.811
1.00 5.15 173 31.37 -0.337 10.23 217 23.39 -5.174
R=0.05 4.54 166 26.66 -0.273 8.63 205 21.04 -3.335
0.10 4.45 164 25.29 -0.689 7.80 198 20.73 -1.637
0.20 3.38 145 22.47 -1.993 4.95 170 20.49 4.465

0.30 4.11 160 18.94 5.351

g9




Table 9. Creep parameters

C.4 series,M.C. = 46.0% I‘v1cC2 :egge'zz% MCC5 iegﬁ%
B'_ (8')1/3 AH* | B'_ (8*)1/3 B'_ (8')1/3
Mor R 106 A3 A Kcal mol1-1! Log A 106 A3 R 106 A3 A
M=0.40 2.88 142 10.2 1.851 3.52 152
0.50 3.43 151 10.71 1.108 1.73 120 4.27 162
0.60 3.80 156 12.37 1.373 3.36. 150 5.44 185
0.70 4.18 161 12.11 0.224 3.80 156 6.30 192
0.80 4.40 164 11.72 -0.704 4.01. 159 7.09 192
0.90 4.79 169 12.39 -1.172 4,36 163 7.74 198
1.00 5.25 174 12.74 -2.153 4.44 164 8.58 205
R=0.05 5.38 175 12.08 -2.730 3.96 158
0.10 3.99 159 10.75 -0.653 3.54 152
0.20 3.34 149 7.81 0.997 3.00 144

0.30 3.26 148

99
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Since only room temperature tests were run in C.2 and C.5 series tests, it
was not possible to calculate AH* and log A,vé]ues, therefore only M (or

R) versus 8' plots are given for these series (Figures 31 and 32).
Variation of Rate Process Parameters

Mobilization and rupture ratios versus flow volumes B8', activation
enthalpies AH* and log of proportionality constant A plots shown in
Figures 28 tq 32 indicate that these parameters vary with progressive
creep deformations. The variation of these parameters with respect to M
and R ratios showed consistent trends. In mobilization period, flow
volumes and activation enthalpies increased with increasing M ratios.

This trend was followed by decreases in 8' and AH* in the rupture period
after showing a peak at mobilization ratio of 1.0. Variation of log A
with M and R ratios followed a reverse trend showing first a decrease then
an increase in mobilization and rupture periods, respectively, exhibiting
a minimum at mobilization ratio of 1.0 with only one exception. In C.1
series minimum Tog A value occurred around M ratio of 0.30 as shown in
Figure 28. This deviation from the general trend observed in other series
may be due to data scatter which in case of computation of A is further
amplified due to inclusion of two sets of data for determining the values
of_A from the intercepts and slopes of log ¥ versus t and log y versus %u

The changes in rate pfocess parameters A, AH*, and g'with deformation
show that the structure can be characterized by changes in these param-
eters. The parameters B8', AH* and A are related to size, strength and

arrangement of bonds, respectively. These observed trends appear to be
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logical in Tight of expected structural variations and are in coﬁp]ete
agreement with direct SEM observations of Vyalov et al. (Qi) and Foster
(28) as discussed earlier in sgcfion on fabric studies (p. 13). 1In clay
water systems the structural changes include particle movements and

change in particle orientations as expected due to particulate nature of
soils. As particles move relative to each other changes in interaction of
particles including the phases adsorbed by them are expected. Inter-
ference of édsorbed lTayers and possible variatéons in interparticle dis-
tances may cause change in interaction energies between clay surfaces and
influence the bond energies which would then appear as a change in activa-
tion enthalpies. Change in particle orientations would affect the entropy
of the system which would be reflected as a variation in parameter A. De-
crease in this parameter in mobilization period indicate a change in the
structure towards a more orderly state which can be interpreted as an in-
crease in degree of particle orientations. The reorientation of clay
‘particles resulting in alignment of the basal planes in the shear direc-

LY
1)

tion as reported by Vvalov et ai. (91} correspond to a minimum eniropy
state, in steady flow stage. The interpretation of the minimum value of A
at mobilization ratio of 1.0 is in agreement with direct observations.
Changes in particle arraﬁgements and orientations influence the flow
mechanism and caused the observed variations in activation enthalpies aH*
and fiow volumes B' as discussed earlier in the section on fabric studies
(p. 13).

The possibility of variation in activation energies and proportional-

ity constants has been noted but not formulated by previous investigators

(22,52 ,95,28,19,63,30,85) due to lack of a diagnostic criteria for
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structure. Hence a structure function wés introduced to the rate process
equation without much success. Dorn (22) who introduced the concept of
structure function also states:

In geﬁeral both A and AF (free energy of activation) might depend

on the instantaneous stress andstructure. Consequently, any change

in creep rate during a constant stress isothermal creep test must

be ascribed to change in A and AF which are due to the substructural

changes arising during creep itself.
Foster (28) employed rate process theory to study shear behavior kaolin
clay and reported variations in activation energies from 16 to 21 kcals
per mole at different stages of shear deformations, and interpreted this
observation by stating: "Once creep is active surface roughness would
contribﬁte to the resistance to further displacement of the moving parti-
cles." Zaretskii and Vyalov (95) considered two parameters to character-
ize the structural changes which influence the activation energies of
soils: particle orientation and intensity of microfractures in clay
fabric, their effect being an increase and decrease in activation ener-
gies. These authors were able to show some evidences for these structural
changés in a previcus publication which included SEM studies of soil
fabric at varioﬁs stages of deformatfons (91). Rehbinder (63) notes the
possibi]ity of isothermal decrease in the entropy of clay-water systems
due to the inevitable orientation of axes or of anisometric particles or
chain-like aggregates in the direction of shear in the process of deforma-
tion. None of the previous investigators, however, took the problem in
its totality and analyzed possible variations in all three parameters.

The occurrence of highest absolute values of AH* and g8' and lowest

value of log A at mobilization ratio of 1.0 as found in this study is
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significant in'clarifying the meaning of flow structure or critical struc-
tﬁre. Soil structure is most resistive to deformation at the mobilization
ratio of 1.0 as indicated by minimum strain rates occurring at this point.
The test results showed that, at this point, the structure has its most
strongly bonded, most orderly arranged and most textured state.

The present knowledge of flow mechanism and character of bonding in
clay soils is still in a hypothetical stage. It is hobed that further
investigations which should include direct measurements of fabric and its
variation with deformations, will make expressing the rate process param-
eters in terms of a fabric parameter possible and clarify the deformation

and failure mechanism in clay soils.
Comparison of Terminal and Tertiary Behavior

In tertiary creep curves the time, tM’ corresponding to points of
equal mobilization ratios were plotted against shear stresses as shown in
Figure 33 for C.1 series. The straight lines best fitting these points
were obtained by regressicon analysis. The assumed straight line relation-
ships were justified by high values of correlation coefficfents obtained.
Figure 34 shows log time for mobilization ratio of 1.0 (inflection point)
versus shear stress plots which are reproduced from the tertiary failures
published by Murayama et al. (56), Noble (58) and Campanella et al. (17).
It is interesting to note that linearity of these plots are in complete
agreement with the behavior observed in Figure 33. The straight lines
shown in Figure 33 were then extrapolated to estimate the time for equiva-

lent mobilization ratios, tM, on terminal creep curves corresponding to
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Tower stresses. Strain rates corresponding to the predic;ed tM were then
determined from the experimental log y versus log t plots of tefmina]
creep curves.

The results are reported for C.1 series. In other test series,
similar trends were obtained. These are given in Appendix B.

Figures 35 and 36 show the plots of log strain rate versus shear
stress for mobilization ratios of 0.5 to 1.0. Equivalent mobilization
ratios were either directly found when tertiary behavior occurred or were
obtained as described above (from shear stress versus log tM plots by
extrapolation). Linear regression analyses were run to obtain best fit-
ting straight lines to all data points within the stress range 4.0 to 5.9
psi as shown in Figures 35 and 36. This will be referred to be as the
combined analysis. The results of combined analyses are summarized in
Téb]e 10. The flow volumes B' calculated for C.1 series tertiary creep
curves (given in Table 8) are also included in Table 10 to compare
tertiary and terminal behavior. .The g' values obtained from tertiary
behavior and combined data appeared to be in agreement. When the combined
data is used, due to increased number of data points included in the
analysis, a better statistical distribution is obtained as demonstrated
by the higher correlation coefficients shown in Figures 35 and 36.

The almost perfect overlap of log strain rate versus shear stress
relationships of both tertiary and terminal creep ranges in the stress
range (4.0-5.9 psi) considered suggests that one flow mechanism governs
the total creep behavior. In other words, at constant mobilization ratios
the structure or fabric of the material remains independent of stress

ievel since the continuity of log ¥ versus t is maintained. The SEM
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Table 10. C.1 series combiﬁed Tinear regression analysis and B' values
obtained from tertiary data

Log ¥ versus T

Slope Intercept Corr. Coeffi. B'O ' (8'21/3 B'i
M B C, r 106 A3 A 106 A3
0.5 1.1012  -6.1630 0.993 1.52 115 2.02
0.6 1.4996  -8.6727 0.992 2.07 127 2.83
0.7 2.2928 -13.3736 0.996 3.17 147 4.40
0.8 2.9320 -17.2627 0.997 - 4.06 159 4.69
0.9  3.3458 -19.8798 0.997 4.63 167 4.88
1.0 4.1365 -24.8126 0.997 5.72 179 5.15

aB' calculated from tertiary creep curves only.

observations by Vyalov et al. (91) on shear induced fabrics are in com-
plete agreement with the above statements. These authors report that
changes in the structures are identical for terminal creep and for primary
portion of tertiary creep. This behavior also suagests that the terminal
creep curves may eventually show tertiary failures if longer time periods
were allowed for shearing. Time extrapolat%ons (Figure 33) indicated that
the shear time of 24 hours allowed for the specimens was not long enough
to observe tertiary failures (mobilization ratio of 1.0) in all terminal
creep curves obtained except two which were run at shear stressgs of 4.73
and 5.10 psi. The time predicted for the occurrence of inflection points
Qas within 24 hours for these tests, but specimens did not show tertiary
failures. A possible explanation for this behavior may be the dilatation

of the material which may constitute under confining pressure an addi-
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tional energy (compressional free energy) barrier to be surmounted at
successive stages of deformation. This increase in activation energy and
subsequent decrease in number of bonds having thermal energies which can
surmount the increased activation energy would result in a decrease in
strain rate. It should be noted here that when the magnitude of the com-
pressional free energy exceeds that of mechanical energy éupp]ied by shear
stress (g8't) potential for flow in the direction of shear completely
ceases resulting in the termination of the deformations. Dilatation would
be reflected as a tendency for an increase in the volume of the specimen.
In the present work however very small volume changes were also affected
by partia1~drainage of the specimens which appeared as an instrument
limitation. As the result of partial drainage consolidation may take
place causin§ additional structuré changes unaccounted for in the analysis
given above. This effect may result in an additional deceleration of the
deformation but would not completely terminate it. Since partial drainage
was not allowed and was not expected and volume changes were smg]] to be
detected proper measures were not taken to detect these effects in the
present study.

At stress intensities close to tertiary stress range in Figures 35
and 36 no distinct change in strain rate versus shear stress behavior
which would indicate discontinuity of tertiary behavior was observed.

This observation is in agreement with the rate process theory adopted
which does not define stress limits for terminal and tertiary type be-
havior. Further modifications on the apparatus to improve drainage con-
trol and long term creep tests may be necessary to obtain direct evidences

for the continuity of the behavior in future work.
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The systematic deviation of the data points at low stress levels
(<4.0 psi) from the combined regression line corresponding to higher
stress levels (>4.0 psi) as shown in Figure 35 may be attributed to the
approximations involved in time extrapolations. If however time exfrapo-
lations are assumed to be valid, the systematic deviation can be explained
on the basis of structural changes due to consolidation and compressional
energy effects discussed above. When the deviatibn.is approximated by
another straight line as shown by dotted lines on Figure 35, two slopes
would define two different g' values. The values of g' determined from
the two linear segments, then, reflect the structural variation due to
stress levels. It can then be stated that below a critical stress level
corresponding to the intercept D of the two linear segments (Figure 35)
the magnitude of structure parameter g8' will never reach the critical
value defined by the tertiary behavior. This may be part of the reason

for termination of creep deformations at lower stress intensities.
Time Dependency of Structural Changes

The rate of structural changes is dependent on stress level and the
time necessary to reach a given mobilization increases as stress intensity
decreases. This can be demonstrated by B' versus time plots as shown in
Figure 37. On this figure dashed lines which belong to terminal creep
curves were constructed by extrapolating the straight lines on Figure 33 to
lower (<5.10 psi) stress levels and the solid lines correspond to tertiary
curves. This figure indicates that at constant time of shear the flow

volumes are smaller at lower stress intensities. This means the criteria
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of constant time of shear to locate the points of eqpivalent structures as
suggested by Mitchell et al. (52) could not.reveal linear log ¥ versus
shear stress plots. To demonstrate this, the strain rates measured at
shear time of 300 seconds on the experimental creep curves were plotted
against shear stresses and are shown in Figure 38. The slope of the log
¥ versus t curve in Figure 38 decreases with stress intensities suggesting
smaller 8i values at lower stresses. This observation is in agreement

with the time dependency of structural changes shown in Figure 37.
Creep Parameters-Moisture Relationships

The magnitude of activation enthalpies comﬁuted at inflection points
were in the order of 31.4, 23.4, 12.7 kcals per mole at moisture contents
of 33.0, 41.1 and 46.0 percent by dry weight of clay, respectively. This
decrease in activation enthalpies with increasing moisture contents indi-
cates a decrease in magnitude of net particle interaction energies. The
decrease in bond energies can be attributed to the fact that, as moisture
content of the system increases the distance between interacting ciay
surfaces increases. Due to the increased distance between surface force
fields, weaker interactions are expected at higher moisture contents.

Some of the reported activation energies for clay water systems are given
in Table 11.

These values 1ie within the range of 4 to 50 kcals per mole which
corresponds to the activation energies of water and metals. The different
magnitudes of the values reported reflect differences in mineralogy,
moisture state and other pfoperties of clay water systems, and measurement

techniques employed in testing.
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Table 11. Activation energies for creep of various soils

Activation energy

Material kcals per mole " Reference
I11itic clay 34-40 (52)
Kaolinite clay, slurry 2-8 | -~ (19)
Montmorillonite pastes 20~26 (64)
Natural clay 12-29 (58)
Natural clay 2.8 (4)
Kaolinite clay 16-21 | (28)

The summary of rate process parameters are given in Table 12.
According to the derivation of Equation 1 flow volume g' is the product
of average bond area tjmes the average distance moved by a bonding unit.
If the average bond area and the distance traveled were in the same order
of magnitude as suggested by previous investigators (59), then cubic root
of flow volumes reveals the length of one side of flow volume. The cubic
root of flow volumes varies within the range of 163-205 R. These figureé
suggest that the average volume occupied by a flow unit is in the ordor of
size of clay particle.

The variation of flow volumes with moisture éontent do not show a
systematic trend. This behavior suggests that flow volumes, B', are not
affected significantly to show either increasing or decreasing trends when
moisture content of the clay water pastes varies between 1liquid limit and

plastic 1imit of the clay water system. Chaudry (18) reports flow volumes



Table 12. Summary of rate process parameters

N N (I LAV G N T
Series % A3x108 R Kcal/mol Log Aj M M aM
C.1 33.0  5.15 173 31.4 -0.34 7.7 0.7 -4.8
C.2 35.6  4.44 163 - 4.6
c.3 41.1  8.63 205 23.4 -5.17  13.3 24.3 -13.3
C.4 46.0  5.25 174 2.7 -2.15 3.6 4.3 -6.7
C.5 52.1 7.74 198 - 8.2

]
3alues of 23 s A(ﬁﬂ*) and Algﬂ A were found from the slopes of the curves in Figures 18 to

22. The data points on these figures were approximated by straight lines. B8j, AH? and log Aj are
the values of rate process parameters at mobilization ratio of 1.0 (at inflection point).

98
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in the order of 100-150 x 105] 33 which are considerably higher than 4.5-
8.5 x 106 A3 obtained in the present study. In Chaudry's work the
moisture contents were in the order of twice the 1iquid 1imit of the clays
and clay water systems were in liquid state. Considering this fact, it
can be noted that significant changes in flow volumes are expected over
wide range of moisture variations.

It is noted that the highest and lowest magnitudes of B% and log Ai
occur at mid-range of moisture content as given in Table 12. This be-
“havior may be interpreted as follows: Since 3% and A{ are related to
bonding geometry, and entropy and therefore the degree of orderliness of
the system, the clay paste at the mid-range of moisture content has the
most textured and ordered structure as compared to the other moisture
contents studied. A

The AH* vs. M, B' vs. M and lbg A vs. M plots shown in Figures 18 to
22 were approximated by straight 1ines and slope of these lines are given
in Table 12. These slopes reflect the characteristi;s of soil structure
at different moisture contents. Zero slone {a horizontal line on AH*, '
and log A vs. M plots) corresponds to a material having a constant struc-
ture or its behavior is not affected by the structure. If this condition
is analogous to a viséous flow and the material having no variation in
structure could be represented by a viscous material, then the steepest

slopes can be considered as representing most structure sensitive

Tan error was found in Chaudries' computaticns. Chaudrjes corrected
flow volumes were found to be in the order of 100-200 x 107 A3 which is
even higher than the values he first reported (T. Demirel, personal com-
munication, 1977).
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material. It is interesting to note that the steepest slopes occurred at
the mid-range of moisture contents studied as given in Table 12. This
observation suggests that most structure sensitive material is the one
having its moisture content at the mid-range. SEM studies show indica-

tions confirming the above statement as will be discussed in the following

section.
Fabric Characteristics

Electron micrographs showing the fabric of grundite clay pastes at
33, 41 and 52 percent moisture 6ontents are ;hown in Figures 39a, 39b and
39c, respectively. Fabric is characterized by particle assemblages or
aggregates and continuous pores surrounding them. The details of indi-
vidual aggregates for three moisture contents are shown in Figures 40a,
40b and 40c. fhe aggregates consist of individual platy particles with
irregular geometries. There is a dominant face to face orientation of the
partic]es within the aggregates as ciearly shown in Figures 40b and 40c.
Thin and curly nature of individual particles indicates that the particu-
lar clay is not-well crystallized.

Comparison of the fabrics, shown in Figures 40a, 40b and 40c, reveals
that there is a tendency of denser arrangement of the particles in aggre-
gates with decreasing moisture contents. At 16west moisture content (33
percent) fabric reflects a granular character resulting from very close
spacing of particles within aggregates (Figure 39a) and details of indi-
vidual particles cannot be clearly seen in Figure 40a. As moisture con-
tent increases aggregates disappear and association of individual parti-

cles within the particle assemblages becomes looser.
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Figure 39. Fabric of Grundite clay at low magnifications (200X)
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Figure 40. Fabric of Grundite clay at high magnifications (4000X)
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Soil structure is expected to be related to both characteristics of
individual grains or particle assemblages and arrangement of these
assemblages. At the 1owest’moisture content (33 percent), although the
particles are densely arranged within grains, the granular nature of the
fabric leads to the formation of large pores which appear as discon-
tinuities among the grains (Figure 39a). At the highest moisture content
(52 percent), both particle spacing within the particle assemblages and
spacing among particle assemblages themselves are increased due to in-
crease in water content (Figures 39c and 40c). Fabric characteristics of
intermediate water content can be replaced in between those two from the
viewpoint of particle association within particle assemblages and spacing
among the particle assemblages as indicated by Figures 39 and 40. This
may be part of the reason why intermediate moisture content behaves as the
most structure sensitive material, which is indicated by the steepest
slopes of AH*, B8' and log A vs. M plots, as compared to other moisture

contents studied.
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SUMMARY AND CONCLUSIONS

In order to incorporate the structural variations into the rate
prbtess theory a primitive or ideal clay-water system is defined by a
linear strain-time relationship implicit in the rate process equation.

The deviations of fhe real clays strain-time curve from 1iﬁear strain-time
behavior of primitive model is attributed to the structural changes which
accompany the deformation of real clay. .To measure the structural changes
quantitatively, two strain ratios are defined: (i) mobilization ratio,
(i) rupture ratio, and it is demonstrated that equivalent mobilization or
rupture ratios correspond to identical soii structures on experimental
creep curves. The method of analysis made by following this line of
reasoning yielded the following observations:

1. The fundamental soii parameters AH*, 8' and A, which were treated
as material constants in previous studies, were found to be structure de-
pendent. Since these parameters are related to bond strength, bond size
and degree of orderliness of the system, their variation gives the most
guantitative picturé of structure and structurai variations.

2. The strain hardening behavior was found to be characterized by an
increase iﬁ flow volume and activation enthalpy and a decrease in activa-
tion entropy up to the inflection point of strain versus time piots
(tertiary creep curves). These structural changes were followed by re-
verse trends in strain.softening portion of creep curves and structural
parameters B8', AH* and A attained their maximum and minimum values at the

inflection point. These trends demonstrated that, at the inflection point
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structure attains the coarsest texture, mostly strongly bonded and most
orderly mode of particle arrangement. '

3. The comparison of tertiary and terminal creep behavior revealed
that the structural changes are independent of stress level. In other
words, the structure and the structural changes were found to be identical
for the primary portion of both terminal and tertiary creep curves.irre—
spective of the magnitude of shear stress. This is supported by the SEM
observation of others. This observation suggested the possibility of
long term tertiary failures at stress levels considerably less than that
of exhibiting short term tertiary failures.

4. The concept'of occurrence of identical structures at equivalent
time of shear was shown to be invalid for the clays studied. The rate of
structural changes were shown to be stress dependent as such, lower the
stress intensity slower is the rate.

5. The activation enthalpies were found to be dependent on moisture
content. Decreasing bond energies with increasing moisture éontents
& Of water phase as a bonding agent in cliay water
systems and contradicted the idea of existence of solely covalent or
ionic type bonds.

6. The slopes of AH*, B' and log A versus mobijlization ratio plots
were considered to reflect the sensitivity of the material behavior to
structural changes. Experimental results revealed that the mid-range of
moisture content between the liquid and plastic 1imit of the clay pastes

has the most structure sensitive character.
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Tests on Bentonite clay revealed that thixotropic hardening itself
being a rate process was affected by temperature and thus at higher tem-
peratures initial structures became different than those at lower tempera-
tures which made determination of activation enthalpies impossible in the
present study. It is suggested for future studies that all samples be
heated to highest temperature and cured to a stable structure, then be
brought down to desired test temperatures for testing.

Review of simple shear and the experimental work of this study showed
that stress-nonuniformities develop along boundaries of specimens tested
in simple shear. It is demonstfated that if sample thickness 1is reduced,

the error introduced by the stress-nonuniformities may be negligible.
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APPENDIX A: CREEP TEST RESULTS OF
BENTONITE CLAY (B SERIES)
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In B series tests, difficulties were met in determining the strain
rate-shear stress and strain-rate-temperature relationships for‘the
bentonite clay. The sscatter which occurred in the experimental data are
seen in plots of ?f versus t and %-as shown in Figures Al and A2, re-
spectively. This scatter from the linear relationship predicted by the
theory can be attributed to the following factors: gehera1 experimental
errors including the variations in the moisture contents of the specimens
and differences in the initial structure of the specimens due to thixo-
tropic hardening. In B series, separate test specimens were prepared and
cured for a fixed time period of 7 days to allow enough time for same
thixotropic effect in each specimen prior to testing. The preparation of
separate specimens occasicnally caused moisture variations over 1-2 per-
cent of the dry weight of the clay. However data points in Figures Al and
A2 did not follow a systematic scatter which would be explained in terms
of moisture content variations of the specimené only. The behavior of the
specimens was considered to be affected by thixotropic hardening.

The phenomenon of thixotropy is known to be due to structural
effects (48,32,24). Thixotropically hardened state corresponds to the
most stable arrangement of particles. Shearing and remolding induce a
displacement or change in the configuration of the particles. As a re-
sult, the structural bonds are ruptured leading to destruction of the
ure and 1055 in strewgtﬁ. As soon as the shearing ceases the system
tends to return to its original state by reforming the structural bonds.
The structural changes necessary to return the system to hardened state is
a spontaneous process, but it cannot take place instantaneously due to

limited mobility of particles in water. This limitation arises from
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viscose resistarce ¢ -z ¢ to particle movement (48). Since the vis-
cosity of water is temperature dependent, being lower at higher tempera-
tures, an increase in the rate and magnitude of the hardening is expected
with increasing temperatures. The hardening and thickening of drilling
muds when heated (15) and reported higher viscosities (18) are in agree-
ment with these considerations. The real mechanism of structural ;hanges
giving rise to thixotropic behavior has not yet been clear. According to
Mitchell (48,50) hardened and remolded states of the structure can be
visualized as flocculated and dispersed particle arrangements, respec~
tively. Leonard and Low {38) suggest that the loss in strengtﬁ is due to
a change in the structure of the adsorbed water on clay surfaces. Accord-
ing to Borst et al. (15), bentonite muds thicken at high temperatures
because the interlayer distances in montmorilionite films decrease. Their
suggestion was supported by scanning electron microscopy studies on
thixotropically hardened ge]s'(15). Although direct evidences cannot be
given the first two of the mechanisms can reasonably be considered as the
major socurce of thixotropic behavior in clay sqi?s.

It should be cbserved at this point, however, the data scatter is
much more pronounﬁed when temperature is varied. This is due to strong
dependence of thixotropic hardening rates on temperature. Therefore at
constant temperature log vy versus t relationships could be used with a
reasonable degree of confidence whereas 1og ¢ versus %-re]étionships could
not. The scatter of experimental points in Figure Al can still be

attributed to the thixotropy effects as follows. The behavior of the

specimens were possibly affected by residual thixotropic hardenings which
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cannot bg totally eliminated in ordinary remolding procedures. The rela-
tion;hip between t and log ?f was found by repeating the experiments at
different stress levels as shown in Figure Al. The mobilization and
rupture ratios were evaluated for the tests having if values closest to
the linear regression line only (shown by solid circles on Figure Al) due
to considerable time involved in determining these ratios for all the
points. Hence a statistical analysis of the results was not made. How-
ever the regression line in Figure Al furnishes the statistical evaiua—
tion. The log y versus t plots for each mobilization and rupture ratios
are given in Figures A3 and A4. The results of regression analysis and
calculated creep parameters are summarized in Table Al. The relationship
between g8' and M and R ratios are shown in Figure A5. It is interesting
to note that the variation of 8' shows the same trend observed in Grundite
clay.

The temperature dependence of hardening appeared to control the be-
havior of the bentonite clay. Higher testing temperatures resulted in
slower creep rates indicating an opposite sign for activation enthalpy as
shown in Figure A2. To eliminate different magnitudes of hardenings
occurring at different temperatures, all specimens were heated to maximum
testing temperature of 65°C for 20 hours, then they were cooled down to
actual testing temperatures. However prolonged heating caused uncon-
trollable moisture variations among the specimens. An attempt was made to
modify the shear box so that the specimens would be kept in mineral oil
while heatihg to control moisture losses. This attempt failed due to the

mechanical difficulties met in building a reservoir for mineral oil around
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the shear box. This problem did not allow a correct determination of
temperature-creep rate relationships for bentonite clay at the time this

research was undertaken.

Table Al. B series creep parameters

Linear regression analysis

Tog vy vs. 1
Slope Intercept Corr. Coeff. B (g)1/3
Mor R 8 ¢y r 106 A3 R
M=0.40 1.095 -3.542 0.908 1.52 115
0.50 1.924 -7.062 : 0.976 | 2.69 139
0.60 2;529 -9.756 0.998 ~ 3.50 152
0.70 2.874 -11.435 0.998 3.98 158
0.80 3.115 -12.734 0.998 4,31 163
N0.990 | 3.384 -14.088 0.997 4.68 167
1.00 3.738 -15.862 0.995 5.17 173
R=0.05 3.455 -14.357 0.981 4.78 168
0.10 3.188 -13.132 0.966 4.41 164

0.20 2.573 -10.353 0.949 3.56 153
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APPENDIX B: MOBILIZATION TIME ty VERSUS SHEAR STRESS PLOTS FOR C.2, C.3
AND C.4 SERIES TESTS RESULTS OF COMBINED ANALYSIS
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