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Nous avons procédé 2. une sirie de tests consolidés aur le
fluage drainé soumia 3 des preassions d'étreinte de )0, 60, 120 et
240 au pouce carré et ce dans un appareil triaxial cﬁnm: des
aiveaux contr8lés de température de 68°. 78°. ‘ha° ot 98° F. Les
spécimens avaient &té préparfs en ladoratoire at ‘le matériau
utilisé Stait une argile knounluq‘m diginirde.

Las résultats démontrent qu'un ceartain nodrn de pnr:léuﬁa
d'argile tendent ) se coaguler entre elles et s comportent cowme
8'2) s'agissait¥i'une unité de liant d'argile. BEn vue d'expliquer
1'interaction physique et la contridution individuelle de cette
unité ) la création de fluage, l'unité &lémentaire a &té définie et
utilisfe cowme modile de base ¥ 1'Slaboration d'une théorie projadi-
listique exposée par cette thise.

Il est prouvd qu'en appliquant la ‘th(oth. on dispose d'une
withode systématique pour l'analyse du fluage draiand qui proveque les
distridbutions non homogines de la tc&uon. de la dilatation et les

caractéristiques de retardation des unités §lémentaires dans les sole
argileux.
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O : o ABSTRACT

A series of consclidated, drained creep teats

undey coqtininq pressures of 30, €0, 120, and 240 pai were
performed in triaxial apparatus with controiled temparature
i _ levels of 68°, 78°, 88° and 98°r, Spucimona vere labora-
tory prepared, and the material used §a| a dcqoncrlt. kao-
: linitic clay.
lvidoncoolhnv. shown that a number of clay
part&clo; tend to floc together and behave as if a.unit in
a clay ‘soil matrix, To account for the physical interaction
anﬁ individual contribution of the unit¥ to creep pnf!or-
mance, the elementary unit has been dci&ncd and mtilized
as a basic model for tho}dov.lopm‘nt of probabilistic
theory presented in the thesis. o ~ -
It fs shown that with the application of the

theory, & consistent method of the g;;inod creep lnalypil

is available which accounts for the non-homogeneous dinﬁri-.
butions of stress, strain nnd the retardational characteris-

tics of the elementary unit in the clay soils.
o
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CHAPTER 1
INTRODUCTION

™

1.1 BACKGROUND OF RHEOLOGICAL STUDIES - A SELECTED
’
HISTORICAL REVIEW

o

"Rheo" in Greek means flow. Rﬁeoloqy is a
branch of science that studies the flow phenomena exhibited
by varieus materials.

Nith the advance of modern technology and be-
cause of the requirements of exibtncaa, accurate measuring
instruments were developed. They reveal that many materials
previously considered as "rigid" would undergo continuous
deformation under a sustained loading. Reiner (1949, 1953,
1954, 1960) studied the rheology of building materials and
found that manx materials exhibit time dependent relation-
ships which include volﬁme.creep under hyd;ostatic strass
conditions. His "Twelve Lectures on Theoretical Rhedlogy"
stimulated many early rheological investigations (e.g. )
Reiner, 1969), and established the foundation of rheological
studies,

In geoclogical and metallurgical studies, it has
been shown th;t rocks creep under existing tectonic stress
(Haefeli, 1965) and metals flow under high stress or at
high temperatures even under moderate loadings, (Dorn, 1954;
Finnie, 1959; Oding, 19563 Pao and Martin, 1953; etc,).

¥

There are many other materials such as high polymers

s s i i i St oo I




(Alfrey, 1948), ceramics (Kingery, ¥962; Reiner, 1554),
asphalt (Abdel-Hady and Herrin, 1966), soils etc., that

are not #s fluid as quuidnbut are not as rigid as metals

or rocks, however, they all exhibit rheological charactaris-
tics when subjedted to loads exceeding a critical load{nq
intensity (Abdel-Hady and Herrin, 1966; Tan, 1957, 1961;
Vyalov, 1969, etc.). All studies concerning time effects

on the mechanical properties of these materials may be
categorized unéer the real; of rheology. 1t was soon found.

that the rheological principles can be applied to different

disciplines of material science. Not only civil engineers,

‘but alag chamists, electricians, and biclogists found that

/s

rheoloéical principles can be applied to their own fields
successfully to describe the time dependent phenomena of
the substances they are investigating (Reiner, 1969).

The early approach to the analysis of the time
effects on the stress-strain relationships of these
materials invariably involve ulng the simple mechanical
models which were the combinations of springs, dashpots
or frictional elements representing respectively the
idealized elastic, viscous and frictional properties of
the substances. with'a proper constant assignad to each
element, it was found that the:;athematical expression of
the stress-strain-time relationships may be derived for

different idealized substances, e.g. Hookean, Newtonian,

St. Venant, Maxwell, Bingham, atc. (Jlech; 1962;




Schiffman, 1954; Yong‘and Warkentin; 1966). Furthermore,
combinations of these idealizmsd models give different
descriptions for a variety of rheoquical behavior
of materials, *

Since Terzaghi rationalized the theory of

congolidation and established the science of s3il

mechanics (Terzaghi, 1943), soils engineers ware occupied,

for some twenty years, trying to establish the basic

principles such as settlement and strength characteristics,

}

pore pressure concept, and permeability (Casagrande, 1961,

Terzaghi, 1943; Skempton, 1954) for the immediate use

ih the field, The elasticity theory and simple state of
plastic equilibrium were assumed valid in their stress-
strain and stability analysis. Secondary time effects
weré purposely ignored due to its complexity and Hence
some discrepancies were found between field observations
and theoretical calculations (Tan, 1961).

Only in recent years, considerable attention
and research actiyities have been directed towards the
study of rheol&gical egfects in frozen and unfro:f;
soils such as creep (Bishop and Lovenbury, 1969; Chen,
1965; Haefeli, 1953), creep rupture fﬂaefeli, 1965;
Saito and Uezawa, 1961; Singh and Mitchell, 1969), strain
hardening (Casagrande and Wilson, 1951; Drucker, Gibson

and Henkel, 1957:.Vyalov and Meschyan, 1969), and long-

term strength (Bishop, 1966; Ladlnyi. 1972; Murayama, 1969).

; , ‘/
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Followihg are a few examfles of the early stage of these
rheclogical studies,

-  Casagrande and Wilson (1951), studying the effect

. €«
of rate of loading on strength of clays and shales, found °
vt \-.‘o :
that creep under sustained loading caused loss of strength’

“ of some undisturbed samples whereas sqme laboratory

compacteq samples and an unsaturated, undisturbed natural
soil tested terded to become stronger and stiffer undor»_
sustained loads even though water content was kept
constant, ’

— Field observations of creep processes in natural
s0ils, snow and ice combined with labo;atory investigations
were intensively ’tudiod by Haefeli (1953, 1965). Fron
his vast experience with massive movements of ice and .
snow, he generalized on some of the factors involved in
creep, Creep pressure, and creep rupture of ice and soil
materials uhder field situations. It was found that
creep deformation, with the ability to cause densification
and'utreaa reduction, may offer a general increase in the
overall stability. prever, it may also cause stress con-
centrations ;‘ich vi§341e;d to f;ilure.

—_ G;kze and Tan (1953, 1961) investigated the

mechanical behavior of clays during creep and relaxation

'ﬂwith oedometer tests. They illustrated that the major

discrepancy between the Tor:aéhi'l consolidation theory

and the larger observed settlements in practice was

A.
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caused by the so-called "secondary time effects® due

. to volume creep and lateral flow of the clay soil strata.

Py examining the strain hardening phenomenon
exhibited during the creep tests, Vyalov (1969) introduced
the concept into the Volterra-pBoltzmann integral equation.
He obtained a rheological equation of states which
estiblished the relationships amongst intensities of
stresses, strains, aQ@rage pressure and time. He :found that
the shear creep curves can have an undampened or dampened \'
character, depending on the applied shear stress which
exceeds or is less than a salient point on the stress-
strain curve, This stress, he stated, corresponds to the
structural strength of the soil, and can be taken as
the limiting shear stress as well as the limiting long-
term strength. He co;cludod from his experimental re-
sults that the stress-strain relationship may be expressed
with sufficient accuracy by a linear law until the
structural strength is exceeded; thereafter the rela-
tionship becomes non-linear. !
Without exception, these efforts helped in
gaining an underatandidg of the rheological behavior of
clay s0ils and made it possible to obtaiﬂ more insight into
economical design and construction of structures. In '
addition, it is apparent thag a more accurate prediction

of rheological behavior of clay soils can serve as input

to analyze against possible failure of structures or
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naturally occurring disasters (Saito, 1965, 1969).

In the development of :}eep theories Eo;_"

P

soils, two different paths have been taken over the,yocrc
(Ladanyi, 1972): one aiming at an unglnccring ¢lcory‘ot
creep to be used in design work; the other aiming’at a
physical theory capable of describing the creep phencmena
in terms of aiready established concgats of physics. The
engineering theory of creep can be considered as a
collection of lqys that are found by axperience to ade-

quately describe the observed macroscopic manifestationa

of creep, Typical examples of such thqories 'are that of

viscoelasticity (Gross, 1953) and creep of frozen soils

(Haefeli, 1953; Vyalov and Meachyan, 1969). On the
other hand, the aim of a physical or micromechanistic

theory of creep is to establish a set of laws that would

'Sn\abie,tQAQEQSEAbﬂfzhe’6btervog phenomena of creep in

terms of previously established guantities and laws of
physics. An examp}e is the theory of creep which is based
on the concept of rate processes developed in statistical
mechanics to describe the atomic or molecular diffussion
phenomena (Andersland and Douglas, 1970; Glastone, Laidler

and Byring, 1941; Mitchell, Campanella and Singh, 1968;

——Murayama and Shibata, 1961). Bach approach has advantages

which d;pon& on the problem to be studied. One may be
of value in interpreting material properties from a test;

another may be used in the calculation of a time dependent

>

[
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stress or displacement field in the aame\material (Scott
and Ko, 1969),

Many investiqationn and discussions (Krizek
and Kondner, 1965; Schiffman, 1954) have been directed
towards the applicability of viscoelasticity theory in
tﬁi}stress-strgan-time relations for soils. They showed
thévpotential use of the theory in the field of soil
mechanics due to its mathematical simplicity.

The standard method of viscoelastic stress
analys%s has been employing the Laplace transform of the
equation governing the time dependent str&oa, strain J
distributions and the boundary conditions. The aofation
involves solving the resulting elastic type problem
and then takin§ the Laplace inversion for the desired
viscoelasticity solution. However; the body shape and
the ‘boundary conditions are assumed not to change with
time and that linearity is also given.

Creep or relaxation tests are usually employed
to investigate the rheological phenomsna of the material
when ‘a quasi-static state is ‘assumed in the analysis so
that the inertia forces can be neglected, It can be
shown that these two types of tests are not independent
but, after a simple transtormat{on, there ex?stl a
reciprocal relation between creep and ;elniﬁgion tu;ctioﬂll

(1+Le)) (1-%E@®) -1

where L(P).and L(P) are creep and relaxation functions .,
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respectively after transformation. ‘Tho structure of this
theqyy is shown on the éext page. (Figure 1-1) r

A large variety of practical problems can bol
solved by this method if the laws governing the creep
characteristics, i.e. creep or relaxation functions,
are known (Finn and Bmery, 1972; Kriszek and Kondner, 1965).
This has been demonstrated by Finn (1972) who used the
finite slement method of stress analysis in conjunction
with the developed stress-strain-time relationships
for soils. The creep of an earth slope was theoretically
calculated successfully. With the advance of computing
technolﬁqy, the same technigque would certainly find its
wide range of applicability.

However, there remains a not-yet completely
solved ptggiem: the principle of superposition. Though
fundamental for the structure of a mathematical theory of
linear viscoelasticity, it has been severely limiting
the direct extension of this theory to soils because
most soils do not exhibit linear ltrcll-striin-tlmo
behavior, Gross (1953) has stated that a non-linear
theory @ay:bo developed in a form similar to that of the
linear one. Although some of the non-linear results are
available, (Chao, 19692, much more effort can still be
exerted along this line of research in order to establish
a convenient and practical method for stress-strain-time

calculations for soils.
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. In order to correlate the rheological praperties
of soils to the.étructural configuration of soil particles
ag well as the influence of temperature on the mechanical
behavior of soils, basic physical a;d che;ical properties
of soi1ls and various theories potentially applicable to
soils are 1nten31ve1y studied by soils Eesearchers.e In
this regard, the rate process theory is the one among the
theories which has received tonsiderable attention in the
last decade\(Christeﬁsen and Wu, 1964; Mitchell, 1961; l
Murayama and Shibata, 1961; Andersland and Akili, 1967).

The’rate process theory, also calleg absolute
reaction rate theory, was developed by Eyring (1941)
through sta}istical mechanics considerations of the
folloying e&uation proposed by Arhenius:
AE
K= Ae RT

K is the specific rate of chemical reactions, A is a
frequex?cx factor or collision number, aE is ten.ned the
"heat of activation™ or "energy of activation™ of the
reaction, R is éhe universal gas constant = 1,98 cal.
°k~lmole™, anmd T is the absolute temperature. It is
geﬁhrallx accepted that a relationship of this kind
represernits the temperature dependence of the sggcific
Tates of most chemical reactions apd certain physical

processes. Eyring (1941), from the statistical point of

L

»
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v -aE/RT
view, cconsidered the exponential factor e in the

equation.as a measure either of the probability of the
occurrer;ce of the attivated égate or of the frac}:ionnof
the total number of the Jeaction eléyents that possess
the requisite activation energy‘ wh.i'ch enables them to take
part in reaction. Therefore, the factor A in the equati\on

must have a dimensiom of a frequency so that the product

gy3 . i
. Ae ™ may give the specific reaction rate. \By(
e

postul&ting;;:he existente of "holes" in liquids,
derived an expression for the flow rate in ‘the direction

of the applied force f in the following form (Figure 1-2):

fAs2Ag A
ad = 22k Sinh z.'r

~

- &E,
where: Kk = 'ﬁl‘ ‘Z‘L’B-ZT_
wheres '
AU = net rate of flow in the forward
direction of therapplication
i of the force f,
A = the distanee\ between two equili-
. brium positions in the direction

¥ ~
S

of motion, '

A, = the mean distance between two
adjacent molecules in the moving
layer in the direction at right

angle to the direction of uéotion,

- ——— - - B ———
v
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X3 = the distance between neighboring

e

molecules in the direction of
motion, ~

\J B
f = applied force in the direction of

motion
’, % = Boltzmann constant = 1.38 x 1.0-163rg/ox' \
, A = Plank's constant = 6.62 x 10 erg-sec,
° { T = absolute temperature,
. F: = the partition funcgion, for unjk
A volume, of the molecule iqbthe
activated states,
F = the partition function, for ﬁnit
volume, of the molecule in the
v (.initial states, -
s E, = the energy of activation at Oox, i.e,
the heiglit of energ§ barrier when
? force is acting. . k
Aﬁ .

O

O

O

O

O
energy

Fig.1-2
energy barrier
@ (Glasstone,1941) direction of flow
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After @odifications are made (Andersland and
. *
Douglas, 1970; Mitchell, 1964), the following practical

form is obtained:
pY-
E X.i_e ’T ’

where

E = rate of‘strein,

X = average component of displacement
in direction of deformation due
to single surmounting of the
energy barrier,

4E = experimental activation energy.

Details of the derivation of :this equation may
be found in the literature cited.

Since'this theory gives the functional rela-
tionship between rate of flow, frequency of mutual exchange
of position between reaction elements, applied force,
energy barrier to be overcome for a single jump of
position, and te&éerature, it is potentially a powerful
theory to describe the creep mechanism in clay soils,
Attempts- have been made to use this theory to develop
an 1mproved understanding of fundamental mechanisms
contributing to the shearing reshstance of soils and
factors controlling time dependent response to strecJ and
strain. Examples of work in this area are Murayama and

Shibata‘(l961, 1964.), Mitchell (1964), Christensen and
Wu (1964), Andérsland and Akili (1967), Mitchell,

—

13
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Campanella and Singh (1968), Singh and Mitchell (1968)

and many others. It has been shown that this theony

well describes the functional relationship between rate

of flow, stress intensities, and temperature for the \
undrained creep and the stress relaxation tests they'
carried out in their investigations., It was also possible

t

for them to evaluate the so-called experimental energy of /

5

activation which varies from 2.5 x 10‘12erg for

Osaka clay (Murayama and Shibata, 1961, 1964) to 93.6
kcal/mole for the frozen s0il tested by Andersland aqd

Arili (1967). This magnitude of the calcu;ated valué of

the experimental energy of activation is in the range of
strength of ionic bonds and, therefore, it was suggested that

1

ionic bonding at contact points between particles is a

major contréiling mechanism for creep rf::fbe

soils. ]

Although the(functional relationships between
parameters based on the rate process theory seem to be in
conformity with experimental results, there are still some
questions remaining unanswered. For example, there is
no direct way by which\the mechanism of creep in clay
s0ils as postulated in the rate processes theory can be
proven. Secondly, the unit of gctivation energy is
expressed as kcal/mole. Since no simple molecular for-

mula can be wmitten for clay soil, it becomes difficult

2. 23,
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to explain the#physical implications of the value of

activation energy thus obtained, Thirdly, it has been
showﬂ by Walker (1969), Arulanandan et al. (1971), that
in the undrained creep tests, in which the pore pressure
was allowed to build up-and as high as 90 percent of
consolidation pressure was registered, the shear strains
are directly related to a gradual but significansyincrease
in excess pore press&re and, hence, reduction in effective
confining pressure. Therefore, unless one accounts for the
increase in pore pressures during undrained creep,/}t is
unlikely that one will be successful in forﬁulating a
generally valid mathematical model for stress-~strain-time
behavior of fine grained scils based on this type of
laboratory testing. -

Based on the results of a previous drained creep
study (Chen, 1965), where the pore pressure was allowed
to dissipate throughgut the test, the writer subsequently
made a postulate concerning the structure of clay soils
as shown on Figqure 1-3. In recent years, knowledge gained
from theoretical and experimental physico-chemical studies
substantiates the fact that both artificial and natﬁral
clay soils are indeed made up of clay plates aggregated
{nto peds, crumbs, clusters, or)domains (Barden, 1972;
Msrgenstern, 1969; Sides and Barden, 1971; Yong and McKyes,
1971; Yong and Wakentin, 1975). These lead to the concept

of treating the soil mass as a structured material

i B et . 5t U
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\ fig.1-3 postulated elementary units
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and provide a link between the macro-behavior of soil
mass to its micro constituents. New rationale approaches
in this regard, especially on rheolqgical and yielding
behavior of soils, have been proposed (Axelrad and

Yong, 1970; Axelrad, 1971; Barden, 1972; Yong, 1972;

. ¢

Yong and Warkentin, 1975). A random theory of deformation
has been developed by Axelrad and Yong (1970) in which
they used st%ijstical mechanics and the theory of
probability to considei the clay plate aggregate (i.e.
ped) as a mesoscopic region and established a first order
theory of the rheological behavior‘of structured media
under a delayed impulse function. Yong and Chen (1970,
1972) have experimentally shown that creep oq clays may

be analyzed by using retardation time distribution methods.
They further considered that edch ped acts as a unit and
is characterized by a retardation time constant. The
probability of occurrence of each ped may be evaluated

by the distribution Qf the retardation times. The
mathematical expectation of mechanical after effect
quantitie; may, therefore, be obtained. | _

From the abov; review of the trend of rheclogical
studies for the past decades in soils, a gradual evolution
from field and laboratory identification of rheologicak
behavior of soils towards the theoretical development of

a suitable theory which can accurately and practically °

LY

predict rheological bﬁi:iiij of soils can be observed.
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No unanimously accepted theory has yet be&n established,
although a number of equations have been proposed and
proven, experimentally, to be accurate enough under pre-
scribed restrictions. ‘A sound engineering theory of
rheology, however, as indicated from this review, re-
quires that it has to be based both on an‘understanding
of the physical make-hp of the soil mass, e.qg.
considering a realistic structure of soils'and&;ealistic
experiments in the field as well as in the laboratory.
One example of such an experiment is the long-term drained
Creep tests éhrried out by Bishop and Lovenbury (1969)
’which resembled the conditions that would occur in nature.
| Since the basic mechanism involved in the
rheological p{pcess is not clearly known and due to the
lack of conViﬁcinq experimental results, the endeavour

~

to arrive at a practical engineering theory still needs

¥

great efforts from soils researchers and ﬁractical

engineers for many years to come.

w
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1.2 NEED FOR THE PRESENT STUDY

¢ _ From the foreg;:lg brief review of the present

state of knowledge gained from rheological studies in

" ,;z,ﬂ;wa.av»'r -~

soil mechanics, it was recognized™that it has been

considered by many (Krizek and Kondner, 1965; Schiffman,

1954) Ehat the theory of viscoelasticity serves as a

convenient tool for the mathematical formulation of

phéhomenolégical stress-strain-time relationship while ¢
others (Mitchell, 1965; Andersland et. al. 1967, 1970)

considered that the rate proceas theory may be of value

in interpreting the mechanism involved in the rheological

process in soils. It was aiio noticed that the lack of
linearity between stress and strain severely limited the
use of the. linear viscoelasticity th;ory while the
integral of the rate of reaction, as given by the rate

process theory, does not yield the relationships for the

stress-gtrain-time behavior in creep test (Mitchell, 1964).
Such a relationship has been investigated by Singh and

Mitchell (1968) by postulating the existence of linear -
relationships between logarithm of axial strain rate and
logarithm of time; loqar;tm of axial ‘train rate and .
stress difference. The functional relationship they

obtaineﬂ are l%mited to creep deformation under the

first application of shear atress. The description of

cr9:¥ behavior for a luccesiion)of load increments has

~J

not yet been accomplished.
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Available literature indicates that most of the
creep tests are carried out under undrained'conditions.
Only a limited number of tests are performed under
drained conditions even though they are most consistent
with what would occur in nature (Bish&% and Lovepbury,
1969). Tests carried out by Arulanandan et al. (1971)
and Holzer et al. (1973) have shown that significant
pore water pressure was developed in saturated clay
~samples when creep tests age carried out &n an undrained
condition. It becomes obvious from the understanding

of ﬁhe influence of effective stress on the strength of

" soils, unless one accoun:e §or the increase in pore-pressures

during undralned creep, it is unlikely that one will be
‘successful in formulating a general valid mathematical
model for stress-strain-time beha§ior based on laboratory
undrained creep testing. Therefore, in order to maintain
a con;tant effective stress-during tests and to simulate
She field condition in a long term creep, it will be more
desirable if the test is carried out under a fully drained
condition. Very little has been done along ?Pis line of
research, th?refore, it is the purpose of this thesis
study to obtain/both experimental and theoretical back-
ground for investigating into a method of deriving such

a stress-strain-time relationship for clay soiﬁ;. The
necessity of launching an intenliée investigation is

A} T

clearly indicated.
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1.3 SCOPE OF THESIS STUDY

Creep or stress relaxation tests are commonly
used in the investigation of rheological behavior of clay
soils. For the interest of engineering practice, time
dependent deformation under a sustained load, or creep,
is one of the behaviors of most man-made structures which
causes concern to most enéineers. In this thiis study,
creep tests on laboratory preparédr&goiin;tic Clay samples
were carried out to investigate the fundamental stress-
strain-time relationships under fully drained conditions.
The triaxial apparatus was chosen for the experimental
program because the current methods of deformation and
stability analysis call for a range of test data which
can be conveniently obtained with such equipment. :

The variables used in the investigation include
the variation of the confining pressure, temperature, and
stress difference, The range of confinin§ pressure
chosen was from 30 psi to 240 psi which is within the
limit of the general purpose of engineering interest and
can be conveniently done in the triaxial apparatus
available in the market. Specifically, 30 psi, 60 psi,
120 psi, and 240 psi were used in the tests, The upper

limit of 240 psi was chosen the consideration that

_the sample consolidation under this confining preésure,

the void ratio would be sufficiently low and thé volume

change due to the application of creep load would be

S

J{.

L i



g

reduced t6 a minimum amount. Four different temperature
levels (68°, 78°, 88°, and 98°F) were used in this series
of tests., For each sample, the temperature was kept
constant at one level throughout testing, After
consolidating the sample to the desired confining pressure,
axial load was applied instantaneousiy and the sample

was allowed to creep until a steady state creep curve

was obtaineds generally a period of two days was necessary.
to’ ensure the attainment of this stage. This was fo{lowed
by a complete removal of the applied axial load to /
iLvestigate the recovery behavior of the sample, It

was found that 24 hours was needed for the completion of
the recovery process. The sample was then loaded to a
higher stress-difference level and the above procedure
was repeated until the stress reached approximately

80 percent of the unconfined compressivg strength of the
sample, Each increment of stress difference was approxi—.
mately 10 percent of the unconfined compressive s;rength
of the sample.

With this test program, it is possible to examine
the results in the light of the commonly employed theories
such as rate process theory and also to investigate the
functional relationaﬁips between stress-strain-time
and temperature, Littlé has been done on drained creep

tests even though its practical importance is generally

recognized., The difference in the rheological behavior
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under drained conditions, if any, that can be shown in

this study will be o? great interest,
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1.4 APPROACH OF THESIS STUDY “

It is a generally accept;d fact that clay soil
is a microscdpically structured material (Barden, 1972;
j Tan,<1957; Terzaghi, 1943; Yond and McKyes, 1971; Yong,
1972; Yong anq Warkentin, 1975). Almost all physico-chemical
E /ﬁltheorie§ of clay behavior to daté have been hased on they

»
interaction of single clay particles. However, there is

.

a growing recognition that both artificial and natural
clay soilsuare made up of clay plates aggregated into peds,
crumbs, clusterg, or domains (Sides and Barden, 1971;
'Yo;g, 1972; Yong and Warkentin, 1975). Yong (1971, 1972)
has shown how an orientation macrostructure of aniso-
dimensionai clay peds can be produced by consolidation

or compaction pressures, though the microstructure of these

peds may remain essentially random.

25 ,A—-',,r. 'm\ TR

/>< \:f\
R L S W l. initial reorienta-
RE/ P ol tion of crumbs.
‘__\ /.—-\ N
‘ \ | T?h-J/é;

2, accentuated preferred
orientation of crumbs.

3. reorientation of crumbs
and particles within
crumbs

fig.1-4 Crumb $ Particle Orientation
under Load (Yong.,1972)
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Scanning microscope structure stg?y results
by various authors (Barden, 1971, 1972; horgenstern,';QGQ;
Yong and McKyes, 1971; Yong, 1972) have revealed that
almoét no single plate "Cardhouse" structure resembles
that proposed by Tan (1957), nor th;; of the honey-

comb structure drawn py Terzaghi (1943). 1In general,

the evidence shows the occurrence of a fabric composed

of a number of particles tending to floc together with
void spaces between flocs (Yong and Warkentin, 1975).
These groups of particles are randomly distributed
spatially, Thereforg, a postulate concerning the fapric
of the soil samples was made that the macroscopic body
(cla} soil sample) possesses a complex th;ee dimensional -
structure, consisting of a multiplicity of various
elemehtary units (or peds, designated as v ). Each unit,
in turn, is composed of a number of clay particles, A
schematic vis?alization of particles within elementary
units and.units interacting to form part of a clay
structure is shown in Figure 1-3.

In order to ahalyze the str?ss-strain-time
behavior of such a héterogeneous gstructure, the use of
a probabilistic treatment of the problem is indicated °
since the properties of each unit would be as random as

structure itself, and the stress-strain distribution among .

the units will also be highly variable. 1In previous

studies by Axelrad and Yong (1970), the stochastic

|
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approach was‘épplied to obtain a macroscopic yield {gnction
based on a viscoelastic model representing a micro volume of
clay particles surrounded by fluid (water) matrix. This-
ap}roach has been under investigation in the last decade
at McGill University.

In this thesis study, the basic' approach is
to accumﬁlatg sufficient data which characterizes the
drained creep of a laboratory prepared clay soil, the
results are examined and discussed in the light of the
postula{ed\soil structure and éhe concepts of various
theories. The detail of the proposed approach will be
elaborated in Chapter 2, where a probability weighing
factor is introduced in the ;nalysis for'the derivation |
of a stress-strain-time felationshiﬁ. The parameters used
in this relationship will be shown in Chapter 5 may be obtained
by simple tests carried out inlthe field or in the

laboratory and ﬁopefully this relationship may be used

to predict the creep behavior in engineering practice.’



2.1

CHAPTER 2

THEORETICAL CONSIDERATIONé

CLASSICAL TREATMENT OF CREEP ANALYSIS

Experimental observations of the creep defor-

"mation of materials have shown that many materials which

have co?pletely different micro-structures follow a

common pattern in their macroscopic behavior during

creep deformation.

f
or the total deformapion (designated £, ) may be expressed

strain

A typical creep deformation may be’conveniently

divided thto four parts (Figure 2-1):

(a) Instantaneous deformatien (designated &)

/

(b) Retarded deformation (designated &, )

(c) Constant rate deformation (designated &; )

{d) Accelerated deformation (designated Qﬁ )

ek - 808 * ‘; ¢ tn;

’
f

fig.2-1.

time

components -of a
typical creep curve
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For a moderate loading intensity, &y is
not usually observed for tests carri out in a’ laboratory,
so that for a creép test, the curve obtained may be
considered to consist of the first three portions, 1In
a lafge number of creep tests carried out on m;ny other
materials and some granular soils, the constant rate
deformation is so small that in their analyses it is

usually neglected; however, in clay soils, f!.may

constitute a large portion of the total deformation. Hence,

it is of primary importance to take 5; into consideration

if a reliable creep énalysis.is to be obtained for clay
soils.
Assuming that this creep pattern applies to
the creep performance of an elementarf unit designated v ,
the deformation of an elementary unit under a sustained
load is given by ’
€e = €, + & + &
=af + aCt)E +¥@bt
where .€¢ = total strain of an elementary unit

. as a functioﬂ\of time t

€; = instantaneous strain of an elementary
\ unit

€, = retarded strain of an elementary unit

€4 = constant rate strain of an elementary
unit

€ = microscopic streas acting on the
| elempentary unit

S h b
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Crt)
t

creep function depends on t

the elapsed time after load,
application

a', a and b are material constants of the elementary

unit an?# o«
° oA = 0, ¥= 1 - when § is greater than or equal’
to the yield strength of the
] elementary unit
oA =1, ¥ = o0 when € is less than the yield

strength of the elementary unit.
The overall creep performance may be expressed

in terms of the performance of the elementary units v

as
| E(t) =X OQnbBm +Za,G8 +LbE; T
ma K g )
® @ & ¢ & 0 B (2-1-3)
where E(t) = total strain as a function of time t
-~ " g,.. = stress acting on the unit m
Ck(t) = creep function depends on t and for
\ unit k whose yeild strength is not
exceeded
k1 B
J denotes the unit whose yield strength
is attained
-m denotes all the existing units in the
| test sample
af,am.éi' are material constants of units.
In terms of the Volterra-Boltzmann relationship
< t‘ , t
£(t)= AT + [ Cle-T)ATd + Bat
¢ .---....(2‘1“)
where g = macroscopic stress
and A,A,B = material constants

1

g
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(?) : In this classical treatment of creep behavior,
consideration is given only W the exiéfinq units in the
test specimen in performing the sumna?ion in equation

. (2-1-3), or the integration in eqﬁation (2-1-4). To
account for all the accessible units, some statistical

treatment is called for. This will be considered in

detail in the following section.




- :3

2.2 PROPOSED CREEP ANALYSIS

2.2.1 Elementary Unit (Ped) and The Pr&gablllty of Its
Occurrence . "

The 1ntegr1ty of a saturated, remoulded clay

5011 is defined by the complex interaction betweeanclay
particles and the constituent pore fluids. Clay minerals
are alumino-silicates, i.e. oxides of aluminum and silicon
with smaller amounts of metal ions substituted wi;hin the
crystal (Grim, 1953; Yong Lnd Warkentin, 1966). The
aluminum oxygen and silicon oxygen combinagions are the
basic structural units which dre bonded together in
such a way that sheets of eaéh one result. The stacking
of these sheets into layers, the bonding between layers
and the substitution of other ions for aluminum and
si#icon account for the different minerals. This sub-
stitution occurs for ions of approximately the same
size, and is called isomorphous substitution. Substitu-
tion of one for another in the clay crystal lattice and
imperfections at the surface, especially at the edges,
lead to negative charges on clay particles. It becomes
obvious that the presence of clay particle surface forces
in a soil water solution would result in complex inter-
actions. Studies (Barden, 1972; Yong, 19723 Yong and
Warkentin, 1975)lhave sbown that the flocs or aggregates
consisting of a number of particles formed in such a way
[

that they tend to act together as single units are identi-

fied herein as elementary units oﬂ peds (Figure 1-3).

o
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It is apparent that in a heteﬁfgeneous medium
such as clay, soil, infinite numbers and varieties of
elementary units may be fdrmed where interparticle action
between elementary units are not necessarily similar. Some
form of statistical treatment is necessary if one is to

K

éihmine and analyze the demonstrated creep behavior of
such a soil. It is hence postulated that the hacr7-
scopic body (clay sdil sample) possesses a complex

three dimensional structure, consisting of a multiplicity

of various elementary\units (each of them in turn composed

of a number of particles). Thus, distortion of any unit
\would involve the physical make-up of each unit as well
as the bonding andsspecific interactions of pa#ticles
within each unit. The individual performance of each
unit, which will be different from other units forming the
soil sample, contributes to the overall performance and
integrity of a test system. It is further postulated

that each elementary unit possesses its own yield strength
and deformation characteristic. When the yield strength
of any unit is not exceeded, its retardation deformation
resembles that of a Kelvin substance and is‘characteriz;d

by a proper retardation time constant. However, when

the yield strength of any un{t is attained, it would flow

- in a manner characteristic of a plastic material. Figure

1-3 shows a schematic visdalization of particles within
elementary units and units interacting to form part
of a clay structure. Under exterrnal load or by the force

32
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(f) of qravity, local yielding and collapse can occur

throughout any one test system. The overall (macro-
b Y

scopici system stability will hinge on the distribution

., of representative units. The identification of a
representative unit is a matter of direct concern in
view of its participation in the definition of system
stability and integrity.

Vo Recognizing that }he formational characteristics
of each elementary unit depend on specific environmental
constraints in regard to balance of energy, the probability
of occurrence Pm of a ped at a particuld} level of

integrity is a direct function of its energy state E,, i.e,,

Pm= FI(E) “ e (202-1-1)

Whilst several ped structural states may possess
the game energy state, the convefse does not hold, i.e.,
/there’is only one energy -staté uniquely identified with
the structure of any one ped. The necessity for averaging
over the energy states, in view of the availablg spectrum
of ped structures, is apparent.

It has been shown by Yong and Chen (1972) that r*
a canonical ensemble of volume (2 (identified as 1 )
can be constructed such that each ped of volume y (identi-
fied as 77 ) constitutes an elemental system of the ensemble>
Eacy system 7 (i.e. ped) of the ensemble 1 may be
considered to be in weak tHermal interaction with other

G peds forming the ensemﬁ/le. Thus, if there exists m peds
1

v :
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or systems in the ensemble f2 , each gystem; together with
the other m-1 systems, constitutes a heat reservior
(i.e., the ensemble {1 is a heat bath).

| The enerdy of any one system ¥ is not fixed
whilsX the energy of fl is of some constant value between
E® anda E“’+ 5 E. It is apparent from the fundaﬁ§n4al
statistical postulate that, in an equilibrium situation,
the probability of occurrence of one system ¥ in {2 in
a state ¢ is a function of the number of states accessible

to 2 . Thus

Pm=Cw(E) ceveaees (2-2-1-2)
where
E' = E° - E{ = energy of m-1 systems remaining
‘ in 2 if any one system has
enerqy Eir
¢ = proportionately constafit independent of i,
, 4
and WwW(E') = number of states accessible to the systems
remaining in 2 in view of bne system be
at state ¢ . (Equation 2-2-1-6).
It follows from the nofhalization procedure
that

EPm = 1 vecesess (2-2-1-3)
where the summation includes all possible states of ¥ .
The significance of this stateﬁgnt, in view of the varia-
bility of ped structures and its relation to the energy
state, should not b% minimized. L \
o)

Since ¥ <« 1 , it foylows that E;<< £ and
thus equation (2-2-1-2) can be approximated by expanding

i
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. v ~
tLe logarithm of w(E') about the value E e E , giving

. o_r2lmgw,
logw(E-£) b’“(ﬁ) (e /& ceeeeeee(2-2=124)

Since the term [jggazi is a constant if evaluated
at the fixed energy E' = E(o), let this constant be 8,
equation (2-2-1-4) can now be writteﬂ\as
, logw (E™- E;)= logw (E)-BE,

e

T EEEREER] (2-2-1-5)
Thus '
te) -) -#E‘
w(E—E“)‘“’(E.)e ........(2-2‘1"6)

can be substituted into equation (2-2-1-2) to give

- E" o)
Pn=ce PEu(e ceeeeees (222-1-7)

Since w(E")is a constant independent of i, the

following expression is obtained

-BE; -
P.=Ce 4 Ceeveees(2-2-1-8)

In view of equation (2-2-1-3),

{
I BE
c-Zgée ceeneees(22-1-9)

is generally called partition function, hence

-BE;
fm = ze.e-ﬁ& ceeeedes (2=2=1-10)
& ~2-1-1

-

The particular role of Py ih the overall ensemble
stability may be developed in regard to the concept of a
"weighing" factor which modifies and contributes to the
constitutive performance of the material.

'Since there are g; elementary units which

possess the same amount of energy, By therefore the

/
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‘
probability of existence of energy state i is given by

K =G fn cereenee(2-2-1-11)

2.2.2 Stress-Strain-Time Relationship

3 In @quations (2-1-3) and (2-1-4), account is
taken only over the existing units in the test specimen
in performing the summation in equation (2-1-3) or the
integfation in equation (2-1-4). To account for all
accessible structural states of the ensemble n ’ Ehe
probability of occurrence of a unit at energy state i,
as gi;en by equation (2-2-1-10), which recognizes the
availability of ¢, unit structural forms, can be intro-
duced into the creep performance evaluation in terms of

the mathematical expectation of the total strain {(£(t).

(Et))mEanPr Bt ERGOOEr 1 EBLE T

/ « ceverses (2-2-2-1)

Where m is enlarged to encompass all the accessible

Thus

states, and similarly for k and j.
\

»

‘In continuous form

{E(t}) A0 *j‘f}m)c',(t-tm%-dc +Bot
’ o-o-ooo.(2-2-2-2)

The second term on the right hand side!ndicates

‘the anelasticity in an elastic body, i.e. the time delayed

/
effect upon deformation. The ultimate deformation of |

such a body under a stress increment approaches a finite
value (designated £, )fif sufficient time elapses. The

i

A
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degree of retardation f; determined by the characteristics
of the deformed body and is conveniently characterized
here by a time“%onstant T , Qr so called retardation tiﬁé.'
* The retardation time is defined in rheology as
the time required for the refarded portion of deformation
to reach (l-e-l) or 0,632 of its ultimate value under a
Certain increment of load on a Kelvin substance., Physically
in clay soils, it implies that upon the application of
an e;ternal load, locai pore pressure is induced in the
clay soil system. This induced pore pressure dissipates
gradually as time elapses. Transfer of stresses from
pore fluid to the/ skeleton gorméd by the clay particles

7/ N
occurs. This will bring particles closer tggether and

finally this stréss increment will be balanceé by the
solute and matrix potentials and structural bondings. By
this time-delayed deforming procegs, energy is gradually
stored in the clay-water system and the rate of the retarded
deformation decreases,@cdordingly. Hence, the retarda-

. tion time thus defined is a chajqcteristic constant of

" the unit ¥ in consideration. fThe set of retardation times
encompassing all units in the ensemble .A thed/shows,
after normalization, the probability distribution of the
existing units adﬁrls defined as retardation time distri-~

bution. The basic property of this distribution and a

method to define the distribution has been developed by

’
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T. Alfrey (1954) and further modified by Yong and Chen (1970).
N\
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(T ‘ The details of the method are given n Section 2.2.3.
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The third term on the right hand side of equations

T (2-1-3), }z-1-4y, (zféhz-l), and (2-2-2-2) gives.the flow
¢ strain under the applied sustained-loading. Whenever the
. stress acting on, or transferring to any unit is equal to
oor in excess‘of the strength of the unit, the unit starts
to yiéld‘;nd causes continuous dissipatioﬁ of energy. This
explains why the creep process is an irreversible
probess. However, macroscogically the dissipation of
. energy and the input of energy, either mechanically or
thermally, become equalized and a steady ;tate is achieved.

In additionf the breakdown of a strained unit may cause

.
.
> T—
A
.
.
s Te .. e A3 - < s

D)

the complete release of the stored strain energy. In
the theory of plasticity; this impli%s that microscaopic
instability is allowed whilst ensemble performance still

maintains the required convex yield surface (Drucker, 1950,

-
N
NNW“ -

1951, 1959; Hill, 1950; Roiter, 1960). .

~

2.2,3 Retardation Time Distribution Method
g

At, the ;arly stage of rheological studies,
tentatives were performed to explain the time-dependent
effects of the "anelastic” systems by elementary mechanisms
which exhibit supefposed elastic and viscous behaviors.

All such interpretative theories led to simple exponential
laws for stress decay and strain retardation. Compa;?ng

6%9 with a more complex experimental behavior, one naturally
" . | '



¢

was led to generalize the theories furthermore by
assuming a continuous set of exponential functions with
stime constants distributed continuougly over a finite
or infinite inferval.

. *  Studying the rheological be%?vior of high
polymers and rubber-like materials, Alfrey (1948) found

that the time ¢of retardation is a characteristic property of

the molecule of high_polymer"and the spectrum of the re-

tardation time d%stribution shows a characteristic
distribution of the substance under investigation.
Examining the continuous, uniformly increasing creep ’

function represented by the integral:
‘ %
C.it)=] fro(i-e™)de veeeenea(2-2-3-1)
(4 .
, L

in which f(t) , the distribution function of retardation
times of strain, may be graphically evaluated, providing

the normalization factor is so determined that

P .
_! foyde = | ceeeesas(2-2-3-2)
The graphical solution, as given by T. Alfrey,
consists of the following steps.
1. Plot the ,retarded portion of strain Qersus !
the logarithm Pf tim;, thus .obtaining an “v.
"g" lhaped cur%e.
2. Normalize the curve by dividing the vertical '

coordinates by £,, , the ultimate retarded

strain,.this gives the accumulative distri-

L.

bution functioh P(t).
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For different materialg tested, different
characteristic d;;tributions of retardation time may be
obtained. For high polymers, the retardation time for
each molecule is different from other molecules with differ-
‘ent structured polymer molecules.

The distribution characteristics may be
further extende& by the following additioﬁal step
(Yong and Chen, 1970): ‘ ]

3. The slope at each point on the "s" shapéd
curve obtained via Step 2 is evaluated and
plotted agajnst the logarithm of time,

; bell shabe distribution curve may thus
be ‘obta ined.

The bell shape curve obtained in Step 3 is,

&
mathematically, the derivative of F(tr) with respect to

~

«

decade of time and is cal?éd the distribution density
function f(r). Since this bell shaped curve shows the
distribution of the portion of retarded strain yielded by
the molecules characteriied by a retardation time ¢ ,
it may also physically be interpreted as the distributiqp
of the pronbility of the occurrence of moleculfc, where
f (t) may be regarded as a ?robability dénsity function
identical to p(r). Thus, the probability of occurrence
of a -pecifi¢ molecular structure with retardation time
between (to-fdc ) and (T - #dt ) may be given by plr)dc.
The importanceyof this result is that by this
method it will enable one to obtain the probability

’
v
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weighing factor from series of experimental results, In
view of equations (2-2-1-10), (2-2-2-1), and (2-2-2-2),

once the term p(tr) can Pe defined experimentally, the
bridge connecting the theoretical considerations and the
observed creep behavior is, therefore, provided. Figure 2-2

shows an example of analyzing the test results by the

proposed retardation time distribution method.

|
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2.3 SUMMARY

f In Section 2.1 a typical creep curve is decompgsed

into three components which fepresent elastic, retardation
and élow chaéacteristics of a creep defo;mation. Section 2,2
takes into account of the contribution of all the

gccessible elementary units to the overall creep per-
formance, the probability of occurrence of each unit a

given by equation (2-2-1-10) is intrqhuced into the
Volterra-Boltzmann relationship,ntherefore, the mathematical
expectatioﬁ of strain under a sustained load may be,

\

expressed by equation (2-2-2-2). The characteristic

distribution of probabilities may be evaluated by the pro-
posed "retardation time distribution method" as é4utlined
in Section 2.2.3.

It is seen that the theoretical developments
so far are very general in nature. In order to investigate -
the physical implications of the proposed stress-strain-
_ time relationship, experimental studies of drained creep
behavipr will be described in the next chapters and
the re&ults will be analyzed in the light of the propog?d
approach as described in this chapter.
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() CHAPTER 3
VOLUME CHANGE CONSIDERATIONS IN A DRAINED CREEP PROCESS |

|
|- ,

) The consolidation process was initially defined

1

by Terzaghi (1925) as “every process involving a decrease

!

of the water content of a saturated soil without replace-

- o -

ment of the water by air", and the end of the consolidation
process is when the excess EYdrostatic pressure becomes
equal to zero, It is seen that the classical theories
of consolidation deal .primarily with the change of the void. ‘
ratio accompanying the dissipation of excess pore water _ \ oo
}tessure and that classical consqlidation tests provide
measurement and results in terms of the applied effective
stresses and/the corresponding changes in void ratio of .
the test spécimens. .
Observations of the consolidation process

demonstrated thAt volume changes take place long after
the pore water pressure has been essentiaily dissipated.
éhis process is termed secondary consolidation, or aecuf:r
compression (Buismann %936). Buismann appears to be the |
first\ to propose a semi-empirical relationship to esti-
mate the amount of secondary consolidation, which is
given by:

a2= 82, + 82 = 2.9 (o, 4+, log t) :

Az.-zoqo d' loqt ll'..co.(B-l)

|
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(: where '
) \ s 7 = total settlement
A zp = gettlement due to primary consslidation
A %, = settlement due to secular compression
Z = thickness of the loaded layer
q = loading intensity
o(p = primary compreséibility coefficient
L B oL g = secular compressibility coefficient
/ dg,and o, were considered to be cqg::jpfs, thus
’ demonstrating (by assumption) that secondary consolidation ;
is prpportional to the logarithm of time, In fact, these '
. coefficients are functions of pressure, permeability,
2 temperature, etc. (Leonards and Ramiah, 1954), and are not

constants., For practical purposes, this relationship has
been found to be relatively consistent with respect to
correspondence between prediction and experimental obser-
wations. It has been found to be va{id for the Bell Clay
used in this study by a six-month consolidation test
(Chen, 1965) (Figure 3-1)

‘When an additional axial stress, designated a6, ,
is imposed on a triaxial specimen originally equilibrated
under a hydrostatic pressure of 0, , the test specimen
undergoes further consolidation, or anisotropic consoli-~

dation, if full drainage is provided. In the case of an

3
!
4
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undrained test, where the pore water is not allowed to
escape, it has been shown that the magnitude of pore

water pressure generated by this additional stress depends
on a‘:number of factors such as thq‘stress history and the
intensity of this additional stress (Skempton, 1954). For
a norma11§ consolidated clay and a moderate value of acg, ,
the magnitude of the pore water pressure generated shortly
after stress increment is likely to be approximately equal

to the increase in volumetric stress, or 1/3 a6y, i.e.

"1

¥ (a0, +a0; «agy) where a0, = a0y = 0. This value has

béen obtained by Lambe (1969) from a separate considera-
tion of the compressibilitie; of pore water and the soil
skeleton. o

If the pore water pressure is allowed to develbp
further, as in the case of an undrained condition, the mag-
nitude of pore pressure parameter A (defined as au/ac, ),

may eventu#lly reach 1/2 to 1 for a normally consolidated

clay (Skempton and Bjerrum, 1957), where au is the increase

in pore water pressure generated by the increase of A6

For a creep test carried out under drained
conditions, the initially induced pore water pressure due
to the application of axial load is alloﬁad to dissipate,
gowever, at the center of the specimen where the drainage
bath is longest, the generated pore water pressure is
expected to take a longer time to be fully dissipated than
that would take place at boundaries of the specimen., That

47
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is to say, that creep and consolidation take place
simultaneously. It becomés necessary, therefore, to
distinguish between axial strain due to creep and the
strain due to further extrusion of pore water accompanying
the dissipation of pore water pressure.

‘ To delineate the strain due to anisotropic
consolidation, especially tﬁE‘aecondary portion of the
anisotropic consolidation process where the pore water
pressure is essentially zero, from the conventional creep
strain in this case is conceptually difficqlt. Because the
mechanism of both processes*involves the reorientation of -
clay particles and both may involve the volume change of
the clay soil specimen. However, although a creep process
at higher stress levels zr close to failure stage may cause
dild&tion or contraction of the specimen, for a moderate
loading intensity, the volume change involved would be
practically insignigicaAt. This is demonstrated by the
observed volume change data obtained from this series of
studies which shows that volume change essentially completed
six to twelve hours after additional axial load application.
Utilizing the c$nventional concept of conqolidation,.;hich
is invariably measured in terms of volu-o/change of the
soil specimen, and assuming that the volume chanée is
insignificant due to creep, it is suggested in this study

that the creep performance be measured i{in terms of

-
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the axial displacement whereas the consolidation be measured
in terms of volume change. The correction for the measured
Lreep displacement for the portion due to consolidation

may, therefore, be made compyting the axial strain due

to consolidation processkzrom volume change measurements and
by comparing that with the measured vertical strain. It is,‘
therefore, possible to distinguish between creep and aniso~
tropic consolidation in a drained triaxial creep test.

Consider Figure3-2 which shows the volume change

additional axial yloadings. The sample was consolidaéed under
a designated confining pressure of)d‘b into the secondary
stage (i.e. until ti00 28 defined by conventional methods

is reached) and a str’aight line of secondary consolidation
curve could be constructed as shown by the dotted line. At
the time corresponding to point A, an axial stress increment
A0, was applied instantaneously. Further extrusion of

water was measured, as shown by the solid line AB. At the
.same time, the time dependent vertical deformation of the

specimen was also recorded. This vertical deformation

S —— e bt - . eiailianate- T

obviously consisted of two components, one due to the
extrusion of pore water because of the anisotropic consolida-

tion process, and the other due to the time dependent de-~

formation of the specimen without volum%)chanqe under the "
sustained loading.

| Consider. a ’cylindrical specimen with a diameter
d and héight h, and with ‘the assumption that the shape

7
}
i
.
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of the cylinder remains cylindrical after volume change,
the vertical strain due to the extrusion of pore water of
volume AV could be evaluated by the following formula:
l z 1 2 ”
AV=_4_7Ld‘h_T.7L(d_Ad) (h ~ah) %

neglect the higher order terms and assumed that a h = a 4

. ( ah ) = 4 av
h »xdh (d+2h) seessees(3-2)

For a specimen of diameter l1l.4-inch and height of
2.8~fhgh, a volume change of 1 cubic centimeter will
result in a ve;tical strain of 0.00283 inch/inch. As may ‘
be séen, this will represent an upper limit because the

drainage path in the radial direction is the shortest and

.it is likely that the contraction in radial direction will \

be greater than the axial direction if under an increment
of all around pressure, while in the calculation Ad = A h
wa$ assumed. h

Figures B-39 to B-42 inclusive in Appendix B
sLow plots of volume change measurements versus logaritym ¥
of time for this series of tests carried out under variéus
03 and under axial loads, in steps, up to approximately
80 percent of the unconfined compressive strength of the
specimen, For each step, the voluﬁe change is approxyL
mately 0.5 to 1.0 c.c. Tables B-4a to B-44 inclusive
in the same appendix show the detail volume change measure-

ments for each step and the corresponding vertical straini\

i
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due to these volume changes. The percentages of total
axial strain at each step due to this anisotropic con-
solidation versus streis levels (percent of unconfined
compressive strength) are shown on Figure 3-3. It is seen
that at lower stress levels, a significant portion of axial
strain is due to anisotropic consolidation; as stress
increases to over 40 percent of-the unconfined compressive
strength of the specimens, tpe‘percentaqe remains rela-
tively chstant, within 5 to 10 percent of the total strain,
In general practice, moi; settlement pa1cu1ations
are b;sed on one dimensional conpolidation theory whic¢h
gives relatively good agreement between prediction and

field observatiion where the thickness of the compressible

layer is thin compared to the liza of foundation, When-‘

ever there is a thick deposit of compressive layer, either
a very low designed pressure is used or resort to other
foundation aiternativel. However, there are cases where

a structure can tolerate large sottlcm;ntl without
endangering the structure, for economical reasons,
foundations may be builg on this thick compressible layer.
I§ such cases, prediction of settlement becomes important.
8o far no'valid theory is availablo since in this occasion
creep would play an important role in the foundation

N, @

performances. /

-
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Since delineation of tota} settlements into
Qnisotropic consolidation and crodp'il not conclusive
from this study, therefore throughout this study, the
analysis is done in terms of the measured te:zl strain
and‘ihe applied stress, This was thought would frovide
a means for the total settlement estimation as far as

engineering practice is cbncerned.
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. CHAPTER 4
@ EXPERIMENTATION AND TEST RESULTS
i Based on the considerations discussed in previous
chapters, a series.of drained creep testing programs were
designed and carried out on laboratory prepared samples W

with variations of confining pressure, axial load and
controlled~:hvironmental temperature. A full detailed
description of experimentation is given in Appendix A.

The following is a brief summary of the test program,
material properties, sample preparation and instrumentation

used in this experimental study,

Y

4.1 TEST PROGRAM

A total of sixteen kaolinitic clay samples were
prepared and tested in this series of drained creep irfvesti-
gati?pl. Por each sanmple five to eight axial loaainq
and unloading steps were applied and a tqtal of ninety-
nine creep curves were obtained. Table 4-1 shows a
summary of axial loading intensities applied to each sample
and the associated confinihg pressure and temperature used
for sach test, Test fclultl of Sample Number 14, where
leakage was found during the test, wers completely discarded, '

Confining pressures of 30, 60, 120, and 240 psi
were used-to consolidate the samples before axial lqod;
were applied ‘to npocin.n% (i,e. dead weights being placed
on a loading fék;). For each sample, the consolidation and
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Table -1 Summary c;f Test Program ,
. N
5 6 7 8 9 ;_0 11 12 13 1L 15 16
60 psi 120 psi 240 psi
68°r| 78°r| 88°r| 98°r| 68°r| 78°r| 88°F| 98°r| 68°F | 78°r | 88°P| 98°F
1 39| 3.3 3.3] 3.3] 6.6 3.3 6.6 3.3]13.3|13.3 13.3113.3]13.3 5 [13.3}13.3
2 6.6 6.6] 6.6| 6.6{13.3[10.0|13.3}10.0|26.6]26.6|26,6|26.6]26.6] B |26.6]26.6
[\
3 10.0{10.0]10.0{10.0|20.0|16.6|20.0|16.6|10.0|50.0|80.0]80.0|80.0] o |u0.0{u0.0
~ |
5 13.3]13.3[13.3]13.3]26.6|23.3|26.6]23.3]|53.3]|53.3|53.3]|53.3 533 "._.':' 53.3153.3
5 16.6]16.6{15.6/16.6]33.0| 30.0|33.3| 30.0|66.6|66.6]66.6]66.6|c6.6| % |66.6]66.6
I (1]
6 20.0|20.0|20.0|20.0}40.0|36.6} - [36.6]73.3|80.0/80.0|80.0|80.0] 2 [80.0{80.0
7 23.3}123.3|23.3|23.3| - - - - 80.0193.3] - - 93.3 93.3196.7
8 - l266] - | - |- V-1-1-1|-1|-1-1-1-2L - |-
& r3
- T

9s




PO i A e e Sty i s o s b

B7

(r) creep tests were conducted at a designated temperature
level, The temperature levels used in this investigation

/were 68°, 78°, 88°, and 98°F, Double drainage and slotted

filter paper drain, placed around each specimen, were pro-
vided. Volume change was measured by using a fine graded
. burrette to an accuracy of 0,025 cc., After consolidating
the sample to the desired confining pressure, axial 'load
was applied instanfaneously and the sample was allowed to
Creep until a steady state was obtained. A period of téo
days was generally necessary to ensure the attainment of
this stage. This was followed by a complete removal of
the applied axial load to investigate the recovery bshavior
of the sample, It was found that 24 hours was generally
/ needed for ‘the conéiction of the roézvory process. The
sample was then.loaded to\a higher stress-difference
. - .

level with an increment of stress difference equals

approximately 10 percent of the unconfined compressive
{

) strength of the le (see the example shown in Figure 4-1).
The above prooo§;::g>aizfopoatod until the stress reached
approximately 80 percent of the unconfined compressive

strength of the sample. The implied stress paths are
shown on Pigure 4~2 , ‘ ' B
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Fig.4-2 Stress Paths
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‘mately 25 pounds (in powder form), of Bell Clay were

60

4.1.1 Material

\

The soil selected for this investigation was

a finely divided, light brown kaolinitic clay known as

Bell Clay; prepared and packaged by Bell Industries, Ltd.

A total of two batches, each weighing approxi-

used in this series of tests., These two batches were
shipped ¥Yirectly from Bell Industries, Ltd. on the same
order.

The standard hydrometer tc;t (Pigure 4-3 )
showed that all of thf'particles exhibited an equivalent
diameter of less han 0.1 mm with approximately 70 percent
by weight of the soil particles remaining in suspension
after 72 hours. The majbpr clay mineral gomponent was Co
kaolin, with a trace of the degsnerage form of the mineral
being present. The n;n-clay minerals present vere quartz
and apatite (about 10 percent by weight), The liquid
limit and plastic limit were 71 percent and 33 percent,
respectively. The ‘specific gravity determined by using
distilled water and carbon tetrachloride as pore fluids
was found to be 2.55 end 2.72, respectively. ‘ / /

|
/

L
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! t

(r> v 4.1.2 sample Preparation

Slurry samples of approximately 120 percent

Ak, ARy BT T

moisture content were prepared from clay powders and
consolidated in multiple stages in a lucite tube, 3.5 inches
in diameter, to an axial pressure of approximately 25 psi

to obtain sufficient consistency for handling. The sample
was further consolidated isotropically in a triaxial ce1¥
under 30 psi of confining pressure, After full consolidation
the sample was trimmed to the size of 1.4 inches in dia-
meter and 3.14 inches in length. Usually two such samples
could be prepared from each tube sample. The sample was
then installed in the triaxial cell and further consoli-

dated to the desired test confining pressures, i.e. 30 psi,
.60 psi, 120 psi, and 240 psi.
The homogeneity of the sample was checked by

cutting a fully consolidated sample into slices. The maxi-

mum variation of the water content of the individual slices
' from the avo;hqe value for example 63 = 240 psi was found
to be 105: ;han 0.4 percent. It indicated a good
homogeneity within the sample under this relatively high f

consolidation pressure. -
The test sample was allowed to consolidate at the

designated confining pressure and at the controlled desig~

nated temperature inside a thermally insulated chamber. A

A
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volume change~log t plot was maintained for each sample
during consolidation; t300 wgn evaluated by Casagrande
construction method. The tj;, o was found ranging from
2.5 to 30 hours, depending on the confining pressures
;led in the consolidation, ho#evor, a consolidation period
of four days was found necessary to assure that a consider-
able portion of the secondary consolidation curve was b
obtained., Based on Buismann's equation for secondary
con:ol&dation{ a straight line may be extr&polated on the
volume change - log t plot,by extending the secondary
consolidation curve thus obtained. T;ertote, further

volume change, due to additional aixial load may be
delineated by the method as presented in Chapter 3.

S !

I A ———
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j 4
4.1.3 Apparatus K;)

3

The arrangement and the testing apparatus are
scgematically represented in. Figure 4-4, The triaxial
cells used wvere reinforéed to withstand éhp relatively
high cell pressures. Double mémbranes with vaseline
coating between them were used for confining pressures
up to 60 psi. For pressures greater than 60 psi, an v
additional mercury sleeve was used as a jacket\and also as
a moisture ba;rier to prevent the transfer of moisture
between membrane covered specimens and the surrounding
confining fluid, Pressure vas applied to the confining‘
fluid in the triaxial cell tggpuqh a small ;enervoir which
wasﬁin hydraulic connection with the cell. The source
of the pressure vas a compressed nitrogen tank connected to
a pressure regulator. After the samples were placed in
the triaxial cells, the entire setup vas insulated in
a styroform cabinet. The temperature inside the
cabinet was heated and regulated through a system of combined

‘14ght bulb-fan system, and a thermal-couple sensor which

°
was able to control the chamber temperature to + 1 P of the

designated level. )

The vertical deformation was measured by a *

dial gauge to an accuracy of 0,5 x 10-‘ inch, The volune
/
changes, due to consolidation and the addition of vertical

pressure, was measured by burrettes which had an accuracy

T RN BRI o A .




of '0.025 cc. The tops of these burrettes were so cc‘nnected

that the vapor pressire 1%1

the connecting tube prevented

sﬁ‘xe evaporation of the water

\4

4

in the -burrettes.

64
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4.2 TEST RESULYS, | +

4.2.1 Result Presentation

Because of the abundance of test results, a briog

summary is provided 1# this section for tho.rcndor. All

the q;aphi and tables are presented i; Appendix B.

G.

H.

I,

aerfw J.

K.

L.

M,

Test Data: Pages B-2 through B-35, inclusive.
i

Family of Creep Curves: Figures B-1 through
B-15, inclusive (pages B-36 through B=-50).

Minimum Plow Rata&Variutions Figure B~16

' s
Unconfined Compressive Strength: Table B-l
(Page B-52). -

Pinal Moisture Contents Table B-2
(Page B~52) ., ‘.

Stess-8train Relations: Figure B~-17 ,
(Page B~-53).

Recovered étrain versus Stress Curves: -
Figure B-18 (Page B-54).

Instantagsous Modulus of zlnotiaitys
Pigures B-19 through B~22 inclusive,
(Pages B~-55 through B-58).

fpelationship Between .Stresses and Retarded
strains Figure 3-23 (Page B-39).

Probpbility Distribution Curves: Pigures
l-;: fhtouqh 3-38 inclusive (Pages B~60 through,
B-74,

Basic Properties of Probability Distribution
Curvess Tables B3-3a and B-3b (Pages B-75

‘Drainage Curves: Pigures 3-39 through B-42
inclusive (Pages B-77 through $~80). |

Component of Axial Strain due to Aninatroyl:@tonh

solidations Table B-4a through B=-44 inolusi
(Pages B~81 through B~84), ) -

-4




In all the colored graphs, except those
specified, the lqgends used are expressed in the following

matrix form: L

“ |+ 30 pst ||black 68°r
. 60 psi red 7807
s 120 psi green 88°p
*" 240 psi ||blue 98%

. } Thus a black dot denotes confining pressure o, ~
30 psi and conducted at a cﬁumﬁcr temperature of GBOF; red
dot denotes o3 = 30 psi, T = 1807} QZOOH‘aft Benotes oy =
30 psi, T = 86°F, blue dot denotes &3 = 30 psi, T = 98°F,

and so forth, ~ ‘ e

i L3

. P
4.2,2 Typical Results

%

The.above list of results contains approxiﬂhtcly

eighty three pages of data, tables and qrnphl.J‘froquontly‘

referenced and typical results are:

4‘ .
1. riqq;01 B~1 through B~15 - Family of Creep
Curves. !

.2. Pigure B-1l6 - ntnimun Flow Rate Variation
3. rigire B-17 - Stress-Strain Relations

4. Pigure »-18 - lacovornq Strain versus stresp
Curves.

5. Piqure l-J’/th:ouqh 3-42 -~ Drlincéo Curves

ar

From Pigures B-1 through B~15, it is seen that
these creep curves follow the expected pattern very well,

)




() i.e.; each curve consists of an. instantaneous strain (strain
. at 0.1 min. after load application was taken as instantan-

oéus strain), a contAnuouuly‘dccroaling rate strain and a
constant creep rate strain. The constant creep rate was
achieved approximately 24 hours after load application. No
progressive croc§ failure was observed in this series of
tests. As expected, Figure B-l?é;how- that the higher the
confining pressure is, the lower is the strain; and the
higher the stress difference is, the highcr is the resulting
strain. A considerabls amount of strain was recovered after
the load of two days duration was completely removed. This
is shown in Figure B-18. A plot of tho¥pcrccnt of ratio
of recovered strain to total strain versus stress differencs

4
(Pigure 4~ %) shows that, in general, the recoverable

9
strain {s in excess of 20 percent of the total strain. With
increasing confining pressure and stress difference, the
percent of recovery is higher as well.

1
/ The most unusual result is revealed in rigure B-16

where thcrninimum flow rate at steady state was plotted

versus the stress difference. It shows that the minimum

fiow rate does not vary linearly with the ibdcrease of siress
~—a$#£o§onco; At higher stress levels, the minimum flow rate

fluctuates in mignitude and in some cases the flow rate was

loﬁor at higher stress lcvcl)i This relationship seems

to be consistent with drnino& ocreep results obtained by

‘ lilhop and Lovohbury (1969) (rigure 4~ 6)31 however it




|
"obtained from this study and those previously gathered by

R\ 69

contradicts the undrained creep tests carried outﬁby others

(Arulanandan, et al. 1971; Mitchell, et al, 1968; 8ingh,

et al, 1968). They showed that the flow rate at a steady
-tat; was seen to increase progressively %’ the stress- ,
difference apprbachod higher stress levels. The results of

logarithm of minimum flow rate plotted against stress /
difference by 8ingh, et al. (1968) showsd that a linear ¢
relationship exists between these two variables. However,

no such linearity walioblcrvcd in the drained creep results )

of 15 specimens from this series of tests (Figure 4-7)i o

The detailed comparison and discgussion bﬁ;woin the results

otheres will be given in Bection 5.2, Chapter 5.

Temperature influences on the tﬂft results may
be recognized from Pigures B-16, B-17, and B~-18. Especially
for confining pressures of 60‘511 and 120 psi, it is seen
that at a higher temperature, the atrain,—thn strain rate,
and the recoverable strain are generally hiqhor/un well,
In the tests carried out under confining pzclluioo of 30 psi

1

and 240 psi, the temperatureeffect is not so obvious and -

no similar conclusion may be drawn. ' |
“yigures B-39 through B-42 inclusive show the

drainage - t@nn curves at different confining pressures and

stress difference levels. The t, . evaluated according

to the Casagrande construction method varies from 2.5 hours

for o3 = 30 psi, T = 68°F to 30 hours for - ¥y = 60 psi, ;

3




T = 9807. Generally, the tloo i; in the range of 5 to

10 hours. PFor every consolidation curve, the proionch
secondary conlolidntiong?oftion may be extrapolated by a
straight line (dashed port102 of the curves). The addi-
tional drainages, due to th-.appllcation and removal of /
the stress difference (o, - ¢;) are shown as solid lines.

It is seen that this additional drainage at each ltcp‘ot
loading varies from approximately 0.2 cc to about 1.0 cé,
i.e. the axial strain due to this additional drainage

may vary from 0.06 to 0.28 parcent as calculited by Equation
(3-2). Thif order of magnit coné;ibuto:fnpproxinaécly

10 percent of the total axial strain shown on creep curves

of B-1 through B~-15 inclusive. ' / -

[ . .

).
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CHAPTER 5
ANALYSIS OF RESULTS / ‘

In this chdptcr, results are analyzed by the
ncthod of Lnduction 1n order to obtain a stress-strain-
time rclationlhip. This requires that the creep lttLin
may be decomposed into three components, i.e. instantan-
eous, retarded and flow co,pononts as described in
' Bections 2.1 ;nd 3.2 4in Cﬁaptor'z. These components may
be evaluated separately from the test, results and are
ptcocntod/in Sections 5.1, 5.3, and 5.2, respectively,
The lu-nfion of these three components gives the total
stress-strain-time relationship, this is to be presented
in Bection 5.4. The discussion of the findings will be
given in Chapter 6.

5.1 ELASTICITY MODULI AND INSTANTANEOUS DEFORMATION

The axisl -tqpin reading taken at 0.1 minute
after sach 1004 is applied or removed is designated as
’1nltantanoou¢ gtrain® in this series of study. The ratio
of the stress applied (or rc.ovod) to this instantaneous
strain roadiﬁi is called instantaneous modulus of
elasticity, It is apparent that since the instantaneous
strain at 1oading may contain an irrecoverable component,
the 1nltlntlnoou& modulus of elasticity cvuiuatad at
unloading would appesr to be more roﬁ?oocntativc of the
true elastic property of the specimen, #owever, the use

N\
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of the recoverable strain is complicated by the fact that
transfer of elastic to plastic strain may take place

during the time the load is acting which may result in a
strengthening or weakening of the specimen. It appears

that cyclic loading method or the methods described, for
example, by Mitchell and McConnell (1969) or by Wilson

ind Dietrich (1960) would provide a better means for the

study of the ointic properties of clay soils. Unlort:mtoly,
these techniques are beyond the scope of present study.

FProm results of this investigation, a;l the
calculated instantaneous modulus of elasticity and the
instantaneous.strain reading are plotted uiinat the stress
intensities, and are shown on ﬂ.iuru S~1A and 5-1B,
rolp%:tivoly. On these figures, the strain readings at
1.0 llinuu and the corresponding modulus of elasticity
calculated are also shown for the purpose of comparison.

As shown on Figure S-1A, instantaneous modulus
of elasticity versus stress relationships, it is seen that
the modulus of elasticity evaluated at time duration of
1.0 minute is appreciably smaller than that evaluated from
0.1 minute resdings. The difference between results
obtained from loading and unloading, however, is not
clearly shown on this figure. A closer examination of the
data presented in ix B revealed that for the 0.1

minute readings, 79\ out of 99 readings show that recovered
is ‘smailer than that obtained at

strain at uniocad

N T -

e €
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~ loading; while for 1.0 mimite readings, 87 out of 99

readings show that recovered strain is smaller than that
obtained at loading. It is also noticed that two thirds

of these inconsistencies occurred at lower confihing
pressures of 30 psi and 60 psi and at confiping pressures -
of 120 psi and 240 psi, only ogcsasional inconsistencies, i.e.
smaller strain readings at loadind‘than at unloading, were
recorded.

. Allowing thes unavoidable experimental scattering
of data, results of elastic modulus calculation show that,
in general, the instantaneous modulus of elasticity de~-
creases as loading intensity increases. It is apparent

that due to the time effect the moduli evaluated at longer
time durations are appreciably smaller. The choice of a
proper li-c duration% 0.1 minute in this study, is primarily
a result of consideration otltho instrumentation and
technique used in the test, and therefore is not yet a
standard procedure for the instantaneous modulus of

7

elasticity evaluation, ¢
From this series of test results, it is also
possible to evaluate the elasticity modulus by evaluating
the slope of the stress-~strain curves as shown on FPigure
S-18, It is seen that the initial portion of the rela-
tionship is approximately linear, As the stress-strain
intensity reaches about 50 percent of the strength of the

specimen, the éuryc starts to deviate from this straight




O

line. The remaining portion of the curve may again be

, confining pr.uﬁro, may be represented by a straight line.

¢ 77
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approximately represented by another straight line wit,’i\c a
milder slope. Values of modulus of elasticity are cal-f
culated and are shown on this tiguro: Por example, for
O3 = 120 psi, the modulus of elasticity evaluated at
0.1 minute after load application is approximately 19,200 psi
for stress difference ( ¢, - oy ) between 0 and 50 psi;
5,300 psi for ( o, =T, ) between 50 and 60 psi. If these ‘
slopes are to represent the average elastic modulus ot'
the specimen, then the average modulus of elasticity is
again s;cn to decrease with the ipcruu of stress intensity
and, evidently, with the decrease of confining prouur,.

To facilitate the calculation of a first order
approximation of the instantaneous modulus of elasticity
(designated E), the data shown on Pigure 5-1A, for each

. E d E‘-l {a-'-q-l) 00000‘000(5-1-1,

where T, is the intercept of the vertical axis and { is
the slope of the straight line,

A quick estimation of the instantaneous strain
( & )'uy then be obtained by the following equation:

6‘. {0';‘0:‘) 000001000‘5‘1"2’
E, ~L0.-0,)
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{
‘[;) The numerical values of 'a and [ for s particular }
g confining pressure are tabulated below: |
Op=240 psi " B = 80 x 10° pss £ = 550
= 120 pss = 36,6 x 10° psi - 255
= 60 psi e 12.1 x 10° pst - 196
¥
' = 30 psi - 7.67 x 10° psi - 217

——

lquatl&n (5-1-2) serves only for the cnlculcttén
of tholinstantanooul érnLn component in this series of
test, It will be ano:poratod‘iﬁto the total stress-strain-
‘tino rolatiopship in Bection 5.4 for total creep strain

calculations.
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‘:) 5.2 MININUM CREEP RATE AND FLOW DEFORMATION .

' Figure 5-:€'lhovo a typical erd;p curve and the

» variation of axial strain rate durth the creep deformation,

> It shows that creep rate decreases rapidly and remains )
\;;untiany a\comtant after about 24‘hour'-. "This steady )
state is sometimes called sscondary creep or constant rate
"f‘low‘. Depending on the magnit&do of this flow tlto’nnd

the duration of the sustained load, the amount of this

flow portion of deformation (designated €; ) may consti-

tute a large percentage of total deformation (e.g.

Vyalov et al. 1957; Haefeli, 1965). Therefore, if the

study of rheclogical phenomena, (especially in clay 'soils

and frosen ooilﬂs) the variation of creep rate has been
investigated in detail by various authors (e.g. Mitchell

et al. 1964; Andersland et al. 1967, 1970). The results

of their investigations show that this portioh of creep
deformation is essentially irreversible and that :the creep
process at steady state may be considered as a thermally

\
activated process.

To evaluate the flow strain component & .
nunerically, it ia noted that the term 8ot in oquqtioxi
(2-2-2-2) applies only‘ for the ideal NMonian fluid i¢
B takes the form of the reciprocal of the coefficient of
viscosity. This form of expression is appatontﬁly over-
simplified for deacribing the £flow phenomena in clay soils.

o A plot of the flow strain rate versus -streas (Figure B-16)
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shows that the flow rate is not dQirectly proportional

to the applied at}caa and that there is no dotinito pattern
of temperature effect can be toun&t This may suggeat that
besides the atructhtil properties of the mltotiil itself,
temperature, time and stress play important and complex

rolas in thias flow process. Since the flow strain is

.not directly proportional to the applied streas, the

functional form of the term 80! needs some modifications
in order to be able to show the relationship between this,
flow strain c&mpon-nt and the stresses. In order to 40

T R
this, a plot of the average value of flow rate compliances
at steady state (i.e, ét/?m-c;w) versus stress is shown
on Eiquro‘;-B . The variation of this average value is
approximately linearly related to the applied stress
difference ( o, - ¢, ). The higher the stress levili. the

lower the uv-ruqa/complianco value; i.e. at higher confining

prclsurca and hiéhcr stress intensities, the flow rate can

bo produced by the application of a unit stress is lnlllcr. ’

The trend of this variation may be approximately repre-

v

sented by following straight line

&
d".'d', ‘a(a})-b‘r“(o—"o") ........{5'2‘2)

‘ )
Integration of equation (5-2-2) gives the flow
strain &; in the following form

6 = .u“b{d—.‘d;) (J‘.‘Ds)t ........(5-2‘.3)
b2
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where a is the intercept of the line with the vertical

‘
|
|
3

axis at ( J,-0, )} = 0 and is a ficticious creep rate
compliance showing the would §c rate of tlow'&ot unit stress
if a near zero atrc;s difference is applied; b is the slope

of the line which shows the chanbo of flow'rate compliance
with the change of stress difference level. Thtlhiqhor

is the a value, the more fluid is the sample; and‘tho

higher is the b value, the more sensitive is the flow ~
property of the sample to the stress diftorcncc chanqea.'

Both a and b are a function of confiﬂinq preasure 7, .

Figure 5- & showsg that the variation of t?nu two coefficients
are related to the confining pressure by the following power

*

form
-2 -5
a) - /54y 0y /0 ‘ , .

. ~o.M -
b - '650-l /Os \ a (5-2“)

Therefore, the flow portion of strain in this
series of tests may be rcpfo:ont.d by the following

»

formula:

‘o - -
é; w (159 - kST, (OT‘J})/O‘,”(GbJ})t re s (5-2-8)

Differenciation of the equation (5-2-%5) gives

the creep raté¢ at steady state, i.e.,

ol e -
E’ * l 'sy‘“as (07'63’]‘33 (o:'d—]),os ........(5‘2-6)
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From these equations, which give tho-tungtional
relationship between &, , & , 04, (c:-G;) and time, :the

" flow strain and the flow rate may be evaluated conveniently. -

The incorporation of these equations into a

/
‘total stress-strain-time relationship and the comparison

|
betwaen the' experimental results and the results of

calculation are given in Section 5.4.

Py




_the material undergoing deformation.

5.3 CAEEP RATE VARIATION AND RETARDED*DEFORMATION
y .

TH; portion of creep curve which shows a contin-
uous decrease in strain rate is usually called the primary
creep Or retarded deformation (designated &, ). The
magnitude of this portion of deformation is determined by
subtracting from the total deformation the instantaneous
deformation £ and the product of minimum flow rate and
the elapsed duration, i.e. é, t , i.e. after £, and
Ef are evaluated from Sections 5.1 and 5.2, the retarded

doforhation €, may be evaluated by the following equation:

bbbt

........(5‘3‘1)

-

The magnitude of this retarded deformation under
a certain load increment approaches an ultimatg value
(designated £,. ) when a steady state is approached. The
rate of deformation decreases rapidly from maximum at the
moment the load is applied to a minimum creep rate when
a steady state flow is attained. Studies (Alfrey, 1949;
Yong and Chen, 1970) have shown that this rate changes and
the time to attain the full retarded deformation is closely
related to the visco-elastic properties of the structure of
If the characteristics

of the rate changes can be defined, they could be very use-

3
ful in the study of the fabric response characteristics.

bt}

LY
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In order to obtain an expression for the retarded

portion of strain at any time over the full range of test
duration, all the data obtained are analyzed according :
to equation (5-5-1).€)A typical result 6( retarded atr‘in“
component versus logarithm time relationship is shown 6n )
Figure 5-5, Step 1. Usually an "S" shape curve is obtained
for each loading increment and ultimatoly the retarded strain
approaches a finite value ( £, ., ) when the ateady state
is approached. This curve is further analyzed atep by step
according to the retardation time distribution method as
deacribed in Section 2-2-3, The curve is first normalized
by dividing the retarded strain at any time by the ultimate
retarded strain £,, for each loading increment, 1‘.V.e'/&h‘-
Thf: normalization procedure usually does not change the
shape Of the original curve and again an "S" shape curve ia
obtained. The slopas at several convenient points on the ¢
curve are evaluated by calculation or by graphically scaling.
These slopes are again plotted against logarithm of time
and usually a single hump bell shape curve.is obtained for
each loading incrom.nt.‘ All the test results are analyzed
by the above procedures and a family of bell-shape curves are
obtained for each specimen. These graphs are presented in
Appendix B, Figurea B-24 through B-38 inclusive. A typical
example of procedures used is shown on Figure 5-5.
Examination of all the bell shape curves show

that these curves are negatively skewed to a certain degree, -




*

- . BN
but they approximately represent a normal distribution
function with a of ). and standard deviation o2 & ,
1../.. the bell shape curves n&y be described by a density
function:

‘2 ‘
! -ﬁf}-

{ e e ‘

fﬂ- e svl‘\\|‘(s‘3‘:)

LS

4

Therefore, the "S$" shape curve as shown on Step
\

2 is an accumulative function. Let this function be F(t),

then 'the following expression for F(t) is obtained:

¢ e
F(t) -)“L?—,Le";i olc N A 1

Since thi¥ accumulative function has been normal-

ized, the retarded atrain at any time t, &(t) , i3 given by:
E . te)= En FLL)

-ﬁ-ﬁ-—jte'gﬁ:‘c - vessaaad (573-4)
o L]

In order to use equation (5-3-4) for the
retarded strain component: calculation, three unknowns, €ru ,
o . ad u , huln to, be evaluated from tha test data.
To do this it was found that for a moderately skewed distri-
bution, thc’ distance between the wean and mediafi is one-
third of the distance between the mean and the mode (Arkin
et al., 1970). TFrom the density function and the accumu-
lative fupction, wmode and median can be anny determined
graphically. The mean can therefors also be determined
graphically (see example on'Figure 5-5 ). From the

)
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statistical theory (Arkin et al. 1970; Aitken, 19%7), it

a distance egualling the standard deviation is measured off
on the horizontal axis on both sides of the mean in a normal
distribution curve, 68.26 percent of the value will be
includoé within the limits indicated. After the mrean value
is obtained, the standard deviation & may then be deter-

mined by measuring the distance between the mean and a

point which will give a value of 34.1) percent from the mean.

By the definition of time of retardation, the time
correasponding to 0.368 normalized retarded strain is also
evalupted graphically as time of retardation for the aample
at the specific loading increment. Results of these evalua-
tions are tabulated on Tables B-3a and B-3b in Appendix B.

' To obta;n an expression for the E,. values,
a plot of the logarithm (o, -7, ) versus the logarithm £,
shows that the logarithm of the retarded strain component
has an Approximaéc linear rolat&onahip with the stress 2
difference and no definite pattern of temperaturé effect
could be clearly defined (Figure 5-6 ). If the linear
relationship is approximated by a straight line, thc‘nlopc
of porportionality is seen to pg independent of Ty .
The magnitude of the retarded strain component, however, is
a function of contlnin? pressure g, . This is physically
obvious since the couéﬁctnoaa of the soil structure will

influence the overall retardation performance.
\
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Let the straight line be represented by the

'

LogEru = LogC + Loy ta-o)"
where C is the intercept and is:a function of O3 while
the slope n is a constant and is assumd to be indcpondont
of Oy and temperature. The ultimate retarded strain
component £, is then given by : '

t
’

N
' - (0.-03) a
. En ey Ceeevee o /(323-8)

From Figure $-6 , the slope n equals to 1.8
while the dependency of C on O3 ®may be graphycally evalua-
ted from a plot of logarithm C
versus logarithm O3 as shown
on the sketch on this page. It
can be shown that the numerical

value of C is given by:

C= 52 0‘,‘“‘

»

substituting into equation (5-3-3)

=194 4S
Em-s‘ﬁ (6-.-6-’) s‘.--..-(S")‘G)

Again, substituting fhh value into \oquauon
(5=3-4), the numerical value of the retarded -tnin conpo
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nent at any time t is given by:

£ 520y “o.-ay S ¢ L Lol
-' = g jw e (5=3-7)

From this equation deri(ved for the retarded
’ \gefOtmation, Equation (5-2-3) for the flow porti?n of de-
formation and Equation (5-1-2) for the instantaneous defor-
mation, a Fomplete stress-straiﬂ—tims relationship may be
obtained Sy summing up these components. This will be

‘ summarized and compared with experimental results in the

next section.

wra
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5.4 STRESS-STRAIN-TIME RELATIONSHIP

From the resulting Equationl (5-1-2), (5-3-4),
and (5-2-3) for the quantitative r’presentation of
instantaneous, retarded and flow strain comp;nents respec-
tively, the total strain is then given by the sumhation of

these three components: i.e,
ft = E * 6" + &f »

’0’. l‘ll
E. uo- zr,) 7213 e

4[0."b(0'.'0:|)](a;‘03)t ' o.cbnt\'(s-‘-}l)

.

Three principal parameters considered in this
equation are the confining pressure (; , stress difference
(7. -0y ) and time t. /

In the first term, & - f(d’. 0;) shows the
variation of instantaneous elastic moduli with the variation
of stress difference level, where E, is an extrapolated
value of elastic modulus at 0,-0; = 0 and £ shows the
rate of change of elastic modulus with the change of stress
difference ( o,- 0, 7). : ’

The second term on the right hand side of equa-
tion (5-4-1) shows the accumulative retarded strain up to
time t; in this term, £,, is the ultimate retarded strain

P

(or inelastic strain) component under a certain increment T

of lgad ( 0,-03 ) and a certain confining pressure G; ; O

and u are the standard deviation and mean values respéctively
b
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which characterize the digtribution of the retardation time

7 . The method of determination of these coeffigients in

this term is described in Section 5.3.
At higher stress difference levels and longer

time durations, the third term on the right hand side of

: A
.eguation (5-4-1) starts to give a significant magnitude

of flow strain component. In this term, a-b~(4r.f Oy )
g{ves the flow rate compliance or fluidity of the specimen
at stress difference level of ( o-04), in which a is the
initial fluidity of the specimen or the would be rate of
flow per unit stress if a near zero stress difference is
applied and b shows the change of flow rate compliance with
the‘change of ( 0,-0y ).

‘\ All the coefficients in equation (5-4-1) may be
evaluated by carrying out a creep test program which is
designed to meet the specific conditions of each pioject
auch as drainage condition, confinement, and the expected
range of stress difference which the specific soil woulad
encounter. Ideally, two soil samples consolidated at
two different confining pressures, creep tests at th stress
difference levels carried out on each sample will provide
sufficient information to evaluate all the coefficients }5
équation (5-4-1). The resulting equation then may be used

to predict the possible creep strain which may take place

under the specific stress conditions.
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From the test data obtained in this series of

o
-
*
.
H

study, coefficients in equation (5-4-1) are evaluated and

the exact procedures are illustrated in previous sections.

, #oliowing quantitative representation of all the test
results was obtained by summing up equation (5-1-2),

(5-2-6), and (5-3-7): 2

<154 ¢S t .!_t*‘,& ‘
. 20, (0,°03) puur ¥ ye .
flt) d (&‘-ﬁ)gf.‘l("_‘., + 520, 3 m‘e

¢ N TS -1 & -5 '
¢ [ 159 - 15 Oy (07'5':’]63 t ’oj I

All the stress quantities are expressed in psi,
strain in percent (%) and timg in minute. All the results
of calculation based on equation (5-4-2) (usi;mg £,~ and ¢ |
values shown on tha last page of Section 5.1; a and G
values on Tables B-3a and B-3b in Appendix B) are shown as
solid lines in Figures 5-7A, 5-7B, 5-7C, a;d 5-79: the
experimental results are also shown using different nota-
tions denoting results obtained at various stress difference
levels. ‘

The merits of this equation are that it takes
into account not only the‘complicated non-linear relationship =
betLeen s » (0,-0,;) and time, which hindered most of the-
classical treatment of creep behavior and made the applica-
ti®y of principle of superposition impossible, but also
consider the basic elastic, non-elaftic characteristics

of the creep behavior. It is also obvious from the proce-

!

! v

<§3 dure of evaluation that the linear relationship as reported
‘tﬁ”

[



v
- '

by others is only a special case and may be treated similarly
by the proposed nethod.. Because of the inclusion of non-
1inea; flow components in gpe e@uation. it is the author's \
opingn that this solution could not be obtained by solving
a linear differential equatién and hence the result of this
series of creep tests could not be supetimpésed linearly.
This result is consistent with the results obtained by the

author in a previous investigation fChtn, 1965).

/

99

P



100

( Mo, Swii,

oot foid % &£
[44 -’ -
; ‘- - iy
. 2
4
e
Bl : | 3
» 5
£
) e X2 * P Py
‘ 49051 WI0L=*H
s3tueey Twiweniledxy
pus TeoT30I100Y] useajeg UOSTIwdmo)
Vi=§ 314
) fuaw) s ) (va) swny
- o - eovg ooy _
T - — (4 . .
. 4 . .
] \ Al
&
3
~ . o - - %
° v . N
. i
) U [ ] & ‘
- v 3
I5-De : ’ ) i 4P98sL BOOL* %
Afeel ndogs ‘D ,
_— d 'lllll!‘..—

) VBN [D0D

(%) vmas 10w




101

(Wi} o}

O
/

(%} viene

" apess wage.os «

. S3Insey [wiuemiledxy
pus TwoT30IoGYl usemjeg uosiIwdmo)
ai-5 34

(W) VISAHe (DD

dpsy wd0psts ﬁw . 4p6+L nd0Q s .

\-\

tw) visns e




102

4p0+1 sSons'o

%

(W) vidas Bixd

s3Ineey [viueniledxy
pus [woT30I00yl useajzeg uOsiTIwdmO)

(W) viBdie e

-5 ¥4

iges1 méons %o

(%] viBaE eiee

ipsss weon s

{%) ViBAS (OD




(M) VBT (Dird

s3Tneey [wiusatiedxy
pus [woT3ISIONY] Useazed uosiIwdmO)
a5 *9d

~J

(W) VBt (e

(W) wisais 19ixD

ApssL wéoeg: s e




v —

104

‘H“h-.l ‘lvo,\‘u

6.1 DISCUSSION OF RESULTS

Drained creep tests on fifteen specimens were
carried out and a total of ninety nine creep curves were

&
obtained frdm this study. The wide ranges of confining

. pressure (from 30“ps1 to 240 psi) and stress difference

(from 10 to 80 percent of specimen strength) used in the
investigation made it possible to arrive at a atress-strain-
time relationship which takes 1nto account the elastic,
anelastic and flow charactotisticn of clay soils. Retarded
after effect under each individual load was assumed a
priori ° to be viscoelastic. which enables the probability

distribution function of nicto-at§u¢turoa to be analyzed

_and introduced into the stress-strain-time relationship.

Tests were carried out under controlled temparatures.
Levels of 68°r, 78°r, 88°r, and 98°r were arbitrarily
chosen in this series of investigation which will enable
one to examine the drained creep test results in the light

- of rate process theory. All the 5na1ytica1 and experi-

mental results presented in previous chaptefs will be
ditcussod in this chaptcr. - |

The diacuuionn in thiﬂ chapter include the
Eollovinq four points:

(a) conptti.;; of known stress-strain-tiwme

r




relationship, their merits and

' descrepancies)

, ()

applicability of rate process theory

to this series of tests;

a possible creep mechanisa (elementary
unit interaction) as deplicted from drained
cre;p characteristics observed from test
results; and

discussion of using distribution function

as a bridge to correlate the macroscopic

" phenomena to the micro structural units in

[N

the material.

105,
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6.1.1 Stress-Strain-Time Rélationships

/
The stress-strain-time relationships given by

Bquations (2-2-2-1) and (2-2-2-2) considered the creep 2
performance as the accumulative performances of each slementary :
unit., The probability of occurrence of each unit then ‘
serves as a weighing factor whiéh theoretically assesses
not only the existence of each unit but also the contributing “
performances of each unit. Equation (5-4-1) considered the
integrity of the s&ress-strain—time behavior and introduces
the probability density funct}on into the analysis. The
spectrum of the distribution function was used to bridge
the micro-structure characteristics to :he overall perform-
ances of the specimen, \
These relationships are derived on the basis
that a‘cre?p strain may be considered as composed of three
components: i.e, instantaneous, retarded, and flow compo-
nents. By numerical evaluation of the terms in these
equations, Equation (5-4-2) is obtained which gives a complete
description of the creep behavior in this series of drained
creep studies, ‘
Ew)= (m-r.’{ﬁ’ﬁ) + 52 d';m(""'!’“ ‘
' (199 -ns 0 -] 0" e o

0...0.00(5“-2)

Ideally, numerical evaluation of this equation

includes the following steps:
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1.

VA o e

A series of creep test on two samples

to be performed at upper and 1owe£

confining pressure ranges. For egch
effective confining pressure level,

two creep tests to be carried out,

one at, say, 10 percent of the strength of
the specimen, another at, say, 50 percent of
the strength or the expected higgest stress
to be imposed on the soil in-situ. The'
tests should be carried out at controlled
temperatures and with a duration long
encugh to obtain steady state creep,
Apparent instantaneous modulus of
elasticity are éValuated and a relation-
ship between 073 , ¢, - 03 and modulus of
elasticity is obtained as described in
Section 5.1 Expression for the prediction
of instantaneous strain may be obtained

by Equation (5-142).

The steady state creep rate compliances

are plotted versus stress difference levels.
Intercepts and slopes of two lines obtained
from these two series of tests are evalua-

ted and are plotted as shown on Figure 5-4.

107
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The relationships between a, b, and o,
are established. Therefore, the

AN

quantitative egquations for flow and flow
rate similar to (5-2-5) and (5-2-6) may
f

. ¢ be obtained.

4. Retarded strain at any time after load

[

application may be evaluated according J.

to Equation (5-3-1). This retarded
component of deformation is then plotted
against logarithm of time and analyzed

according to the retardation time distri-

LY

bution method as described in Section 2.2.3
° and example given on Figure 5~ 5, The
basic'properties of the distribution curves

are obtained. Logarithm of the rétarded

A

strain components are also plotted against
logarithm of ( o0, - 63 ), a figure similar
to Figure 5-6 will be obtained. The "C"

value in Equation (5-3-5) in terms of &7

may be evaiuated, therefore, the ultimate

retarded strain may be expressed in terms

t of 03 ,0,-0; as'shown in Bguation (5-3-6).
5. With these three componehts evaluated, a ;
complete stress~-strain-time relationship for
the s0il tested may be obtained by summing
@ up these three terms. |
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The above procedure ofcderiving a compleée
stress-strain-time relationship was éeductéd for the
loading procedure used in this series of tests, i.e,
several loading-unloading steps were applied to one sample
rather than one loading on one sample as usually used in
creep investigation. It remains to\be verified whether
the proposed proceduib can be applied to other test condi-
tions such as undrained creep tests with loading-unloading
prodrams or step loadings. It is the author's opigion that
this procedure might be a;blicable pravided that the
relationships such as Equations (5-1-1), (5-2-2), (5-3-5)

etc. could he verified by a third sample tested under an

intermediate codpfining pressure level and an additional

intermediate loading wag appdlied to each sample,
Equation (5-4-2) and results of calculations
as shown on Figures 5-7A to 5-7D, indicate that rela-
tionships between stress, strain, and time may be pre-
dicted satisfactorily by the proposed method even if the
relatiﬁs.:hips are non-linear. In view that soil condi-~

/
tions may vary from one location to another, it is a

general praciice that for a site which calls for a creep

f

investigation, the stress-strain-time relationships be

investigaﬁéd,by an intensive field and laboratory testing

-

program. Because the magnitude of creep at a specified

b ——

e
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time duration, or the time duration required to reach

a tolerable creep deformation may affect the decision for
some construction précedure, the proposed creep analysis
wgich provides separate account of ;horL term (instantaneous
and retarded) and long term (flow) strains may be of help
in making such a decision, Since there is no unique
standard method for creep predictions, it is considered
that the proposed method which gives a satisfactory
prediction of drained creep behavior for this series of
tests might be of practical importance in engineering
practice such as settlement of tanks founded in thick
compressive soils, in anchor construction, open cuts and
other settlement and stability problems.’

In recent years, a significant development in
the stress-strain-time relationship investigation is the
result published by Singh and Mitchell (1968, 1969). A
semi-empirical formula was proposed which is in fact the

integration of Equation (4-3-2): /

A_ MTmT3) imm

Et)=a + e

-.......(5-1-1)
where "a®" is an intégration constant and in each case the
value of "a” must be chosen to give the best fit between /
observed and predicted behavior; "A" is the projected

strain rate at t = 1 minute and ( 0, ~-¢3 ) = 0 from a

7
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plot of logE versus ( ¢, -6y ) as shown on ~!7‘-§.-qure 6-1:
"n" is the slope of the straight lises of a plot of log&
versus log t; and " & " is the slopé of the mid-range
linear portion of a plot of logéf versus ( o, -03 ),
all values of & are corresponding to a certain time
duration after load application, o

The basic assumptions used in their formulation
are the existence of linear relationships between

1. log€é and 6, -0; at a certain time after
load application,

2. logf and logtata ( 6,-035 ) levell

A sample calculation, using«= 0.21, m = 0.53,
A=2x 1()-3 for og= 30 psi, T = BBOF and at different
stress levels (Figure 6~ 2), shows that Equation (6-1-1)
fits well for first few loading intensities. But at
higher stréss levels, the prediction “T:tes from the
experimental results to an untolerable amount; this
behavior was also observed by Singh and !‘aitchell. Examina-~
tion of the possible source of error for this deviation
revealed that it is likely that o/ and m are functions of
time and stress levels. As seen from Figure 6-1-, t;he
slope of the mid-range segment, ;.f straight line portion
does exist, becomes milder at longer time durations and.
higher' stress levels, i,e,, " " becoming smaller in

valueemat longer time durations and higher stress levels.
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While FigufE 6= 3 shows that the assumption of a linear
relationship is approximately correct, however, the slope
is seen to become slightly steeper, i.e. m value slightly

higher, at higher stress difference levels, Thereforqi

the value of -ﬁ%;— becomes slightly smaller at higher

( &o-63 ) levels. The combined effsct of "m" and "« *
might be counted for the observed deviation of experimental
and theoretiéal results based on Equation (6-1-1).

(Results of calculations based on Bquation (5-4-2)
developed in this study are also shown oy Figure 6-2. A

better agreement'between the observed performance and

prediction is obvious. Since the three terms in Equation

(5-4-2) consider, physically, the basic properties of a
stregs~strain-time behavior, i. e. elastic, anelastic and
/ flow of the material, it is considered logical in the
stress-strain-time reiationship formulation to take into
separate account of these behaviors. Although this might
imply a slightly time consuming in its analysis process,
/ however, it is firmly believed that the method developed
in this study wﬁuld result in a more accurate p;ediction

of the creep behavior, therefore, serve a better interest

/
in engineering practice. The time spent in the calculatibn

would certainly receive 1n?ediate revard.
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However, some minor di;crcpancies,‘lther than
the usual éxperimental scattering o€ data, were observed:
1, usually at the last increment of

load, which approaches the unconfined

compressive strength of the spﬁcimen,

the experimental data frequentfy greater

than the calculated results; and
2, there is a gap between theoretical and

experimental results in the’prithy

creep portion of deformation.

Beca;se of (1), it is considered that the pro-
posed method shoh]\.d not be Lpplied to the loadings that
approach the unconfined compressive sﬁrength of the soil.
Otherwise may result in the under estimate of the ulti-
mate deformation.

- The gap between the theoreticai and experimental
results as stated in (2), there may be two reasons causing
this discrepancy: (a) the distribution of the retarded
portion of deformation is generally negativelv skewed,
while a normal distribution was assumed 1n.tﬁe formulation
of Equationk(5—4—2); (b) the portion of defbrmition due to
drainageqiq not taken into account and therefore is

hidden in the term £, evaluated,
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Genarally, the difference between the theoretical
and experimental resqlts‘are seldom exceeded 0.5 percent
for stresses less than 50 percent of the unconfined
comprgssive'strength of the specimen. 1In view of this
single compact form of equation could represent well most
of the ninety nine experinen;al curves, especially for
stresses below 50 percent of the unconfined compres;ive
strength of the specimens, it is conaidered that the tesu;ts
of this investigation is rather encouraging and tge pro-
posed method of result apalysia may be of practical impor-
tance in engineering practice due to its simplicity and
accuracy in predicting creep atrain for a reasonable range j

of stress levels,

-
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6.1.2 Temperature Effects and Rate Process Theory

It is now generally recognized that carefully
controlled temperature surrounding the test sample is
necessary in certain types of soil investigations such as
consolidation, tests with pore water pre#sure measuraements,
physico-chemica% studies, etc., because engineering proper-
ties of soils c;n be significantly iﬂfluenged by tempera-
ture variations, Studies of flou;and deformation character-
istics of clay soils by Mitchell (1964), Andersland (1967),
and others demonstrated that the diffefence in temperature
control is also necessary in order to evaluate the so-
called "experimental energy of activation”. ‘

It is a generally accepted fact that the absorbed
double layer on the particle surface behaves differently
from that of normal water in the free state (Lambe, 1958;
Martin, 1962; Rosenquist, 1962)., Atoms of water and clay
are in a constant state of thermal agiéation with an
intensity determined by the environmental temperature.
Higher temperatures may increase the probability that an
atom, at particle to particle contact points, moves from
one equilibrium position to another, giving rise to the
observed temperature effect on configuration and mechanical

behavior of clay sojls. Thus, the thermal actions may be

considered as one fype of forcing function which will give
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rise to a proper response function. However, special control
of the temperature and other properties of the test specimen
is necessary since the temperature effect may be easily
offset by the variation of other influential factors,

such as structure, water content, strain, and stresses.

From this series of test results, the tenperatuie

119

effects on stress-strain relationships are not so obvious at -

high agd low confining pressures as at medium confining

" pressures of 60 psi and 120 psi. At ¢, = 30 psi, where
the fabric are probably in a more random state, khe }actor
of specimen heterogeneity might dominate the test resuf%v
While at 0, = 240 psi, the specimens are in such a well
compacted state that the deformation characteristics are
probably primarily controlled by the stress intensities,

o o
therefore, the variation of temperature from 68 F to 98 F

is probably not sufficient to induce the thermal effect

clearly.

\/A) The effect of temperature on stress-strain
behavior is, therefore, analyzed by examining the results
Of tests carried out at confining pressures of 60 psi and
120 psi, In.Figure B-17, if a horizontal line is drawn
through an axial strain of, say 2 percent, this line would

intercept the curves representing ¢3 = 120 psi, T = 68OF

‘and 88°F at points with coordinates of (2 percent, 58 psi),

[
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(2 percent, 48 psi) and (2 percent, 43 psi) respectively.
The differences in stresses of 10 psi and 15 psi are due
to the variation of test temperatures from 68°F to 78°F
and 68°F to 88°F respectively. )

If these differences in ssress are-defined as N
the "stress equivalence” and similarly "strain equivalence';
then a plot of stress equivalence versus log§& shows that
the stress equivalence increases linearly with the increase
of logarithm of strain; while a plot of strain equivalence
versus stress difference shows that the strain equivalence
increases progressively with increase of stress (Figures
6-% and 6~-5 ). It is seen/kﬁzz~at 3 percent of strain,

a difference of 20°F in temperature, from 68°F to°ae°r; is
equivalent to the effect of 15 psi differenée in ltxelgtjort
Os = 120 psi. At stress of 20 psi, the difference in
temperatﬁre, from 68°F to 88°F, produces an effect equivalent
to 0,6 percent in strain, These'results indicate that
temperature does influence the stress-strain relationship
to a measurable amount and can not be ignored in a
scrupulous investigation.

The other object of the tenperaturé éoﬁtrol in
the test was to examine the results in the light of the
rate process theory. The original formation of the rate

process theory was derived for viscous flow and diffusion

eﬁg process (Glastone, et al, 194l1). The temperature

i . B B s Pl

SRR R——— T e




~»>e

—— et =2

legend

¢ 20, - AT=10F (68:F -78:F) o
& - AT =20F (68F -88F) e
g 15‘. . AT=3O°F (68°F "%OF) ,/. —
52
B -
tR | { ]

o 05 i 2 5 10
¢ 20
e
(7]
o 15
2 .
2.
ga 10 " 0a= 60 psi
mv
¢ 59
5
N

axial strain (°/,)

4

f1g9.6-4 - temperature effects .

121

P L e




o aE A PR SN S L

9B

- strain equivalence (°/o)

strain equivalence(®)

-/

o0 0'3 = 60 psi legend
. AT =10F (68F —78F)
/ « AT =20°F ( 68’F —88'F )

/ e AT=30F (68F -98F)
1.0 :

0 1/ . k
0 20 40
20
03 = 120 psi
10 ’ ‘ //////
——

0 20 40 ’ 60 80
* stress difference —psi—

— fig 6-5 temperature effects

ZZ1

TN

B T e



|

h,ﬂ;*lﬂ’wm

e WK, W

- ——— T T A ey e

ol o

L ]

.

dependency of reaction rate was expressed by the following

functional relationship:
—A51
E =Xxe RT
// P ...0.0..(6-2-1)

where € is the reaction rate’

~

X ig a parameter relating activation frequency
to strain rate - i

AE is the experimental activation energy
R is the gas constant equal to 1.987 cal./deg. mol.

T is the absolute temperature in °K

- o

After partial differentiation, the following rela-

tionship between log (é/v' ) and 7; is obtained:

2log (Ehr) 4k,
3 ('y) R cecesesa(6-2-2)

|

Con%idering the so0il creep pfbcegs as a ther-
mally activated rate process, Mitchell, Campenella and
singh(1968), after observing the steady state creep rate
at several éemperature levels, plotte& log ( é;ﬁr )
against 7; for several soils and established that the
relationship was linear as predicteé by the equation (6-2-
2). The slope of the line gives the value of -"%55 . ,
The experimental activ;tion energy may; therefore, be

evaluated; e.g. San Francisco Bay mud consolidated at

123
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: kg, 2 kg, 2
: 1"7/cm® and at ( &, - 65 ) of 0.45 g/cm ., experimental
activation energy of AE = 31.4k'ca1/mol. was evaluated; )
and fog remoulded illite, 4E_ = 43.5%-cal/po1 . A number
/
of other researchers have also used the rate process
/
+ theory and have obtained various experimental energy of
activation values for various materials. Some of their
results are listed on Table 6-1, (Mitchell, 1968)
N
TABLE 6-1
, ACTIVATION ENERGIES )
/ Material Activation Energy Reference
1,000 cal/k°/Mole
[
Water ) 4-5 Glasst&ﬁe, Laidler
. *nd Eyring
Plastics \ 7-14 Ree and Eyring
/ Asphalt . 14-20 Herrin and Jones
Soils 25-45 Mitchell, Campanella
and Singh
i
Ripple and Day
23-27 Christensen and Wu
/1-76 Chen
Concrete ’ 54 Polivka and Best
Metals 50+ Finnie and Heller
» ' +
Frozen Soils 93.6 Andersland and Akili
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To examine i:j/:pplicability of rate process

theory to this series of drained creep tests, théwi

> 4

creep rates at steady states obtained in this series of
investigations are plotted against stress difference as
shown on Figure B-16. Results show}that, in this plot,

the creep rate-stress difference reiagionship is non-linear,
At confining pressure of 30 psi, the creep rate increases
as stress difference increases to about 50 percent of the
strength of the specimen.’ The creep rate then begins to
fluctuate and shows a tendency toward a decrease in magni-
tude as stress intensity increases. At higher confining
ﬁressures of 60, 120, and 240 psi, the creep rate increases
as stress intensity increases to about 50 percent of the
strength of the specimen and then fluctuates with a tendency

toward an increase in magnitude. This result is compared

*

_with a number of selected results by others shown on /

Pigure 4- 6. It is shown in this figure that for the
undrain;d creeps carried out by Singh et al., the creep
rate increases exponeﬂtially as stress difference increases.
Whereas in the drained creep test carried out by Bisheop

et al, the increase in creep rate and stress difference

are approximately proportional. It is interesting to note
that at last loading of Bishop's results, a slightly smaller

creep rate was also obtained.

\ In order to examine the applicability of the

1
flinctional rélationahip of BEquation (6-2-2), data obtained

L o e e
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in this series of investigations are plotted in the form

of logéfr versus /T as shown on Figure 6-6. As expected,
after knowing the fact that the creep rate fluctuates -
with the change of stress intensity, no linear relationship
between log &G: and 99- was ogserved; although in a few
instances three points may occasionally form a straight ling;
most of them do not exhibit such a linear relationship.
However, by applying the,équation (6~2~2) to any two points
on the same curve in Figure 6- 6, which will give a positive
AE.x , a number of the experimental activation energies
may be evaluated for each stress level. A range of
values varying from 1,000 cal./ox/mole to 76,000 cal./OK/mole
was obtained. Some typical values are shown on the corres-
ponding segments in this figure.

l However, by averaging the obtained activation
energy values for each stress level, as plotted on Figure
6- 7, it is seen that the activation energies at lower
stress difference levels are greater in magnitude and de-
creases rapidly to a relatively constant value at higher
stress intensities. At higher confining pressures, the
activation energies evaluated by this method are also _ .
higher; except for O4 = 120-'psi the evaluated energy .
of activation is the highest at higher stress 1evels:

This result is similar to that observed by

Andersland and Akili (1967) in their creep test results
!
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(,’ carried out on frozen Sault St. Marie Clay. Their obse{yed
data also indicated that the energy of activation decreases

with the increase of,axial stress and approaches a rela-

i

¢

1

3

i

%
tively constant value at highgr stress levels. They attri- ' ‘
i

Y Tk R 4. aavie

L)
i

) N
. \ such as flow of particle‘and/o; ice contact points at

\

\various levels of stress. ;
\ - \
Considering the wide range of experimental

buted this variation to the different dominant mechanisms
%

’

activatjon energy values obtained\\it is the author's opinion

that there may be several possible contributing factors:

13

(a) Applicability of rate process theory tos
| this series o# drained creep tests is
; questionable. As shown on Figure 6-6 ,
there are a number of segments jointing
experimental points by which no positive
experimental activation énergy could be *
evaluated. This fact is not consistent
with the concept of‘rate process theory.
(b) samples tested at two different temperature
levels are not identical. Therefore, the
response to an applied stress, even if
the stress level is kept the same, does-
not follow the rules predicted by rate
process theory.
(c) The rate of creep is diotated by the inter-

actions of thé elementary units within the
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(:; sample and which is further a result of the

interaction of the strain and stress distri-
butions within the samples. Since these

* distributions are random in nature, the

iesponse behavior is expected to fluctuate
and débiate from-the expectation. A more
elagorate considerat{Qn in this respect will
be discussed in Sections 6-1-3 and 6-1-4 )
after considering the drained creep
characteristics anpd/the possible mechanism
involved.

(d) The experimental energy of activation is
not only a measute of thermally activation
effect, but also measures the energy required
by a mechanical activation process, of the deFl-
cipating constituents 1n a cfeep process, and

this mechanical activatfon energy is affected by the

temperature difference.

If the energy of activation may be regarded as
an indication of the energy fequirgment for the pdgiulated
elementary unit to undergo a unit "jump” of a flow_ﬁnit,
then the wide range of activation energies obtained might
serve to indicate that a large Kariety of elementary units
with a corresponding wide range of strengths have participa-

.{ted in the deforming process, and that the dominant mechanism

<§§} involved in the process is not as simple as that suggested

1 :
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. .
by the model described in the rate process theory. A con-

siderable amount of mechanically activated process, in addi-

:
¢

tion to the thermally activated process, was probably in-

volved in the deformation. As an ex;mple, Figure 6-8 shows
’ a cubic block resembling an elementary unit, with dimension

dxdxd, acted upon by a stress f and rotates an angular

rotation of § combined with a translation of § . The work

(or energy) required to p<oduce such a deformation may be / ,

shown to be: \\\\\\\\\_-____‘;~
AE ="z"'f'°‘z'(5 +§4:9)

Assumirng
' £f=1,000 g/cm’ (14 psi) ‘
(o] fo} (o] | H
d = 20,000A, 30,000A, 50,000A (i.e. 2, 3, 5 clay ,
particle diameters)
g = —:—" 7C
=4, 2d

b ;
! o »
Results of the calculations are plotted on

Figure 6- 8 which shows that the energy required increases
rapidly as the size of the elementary unit increases.

In order to reach a state that these free ro-
tation and translation may take place, it is recognized
also that the bonding at contacts between elementary units
must be broken. Therefore, the evaluated energies for the

translation and rotation are only part of the activation

r
.

energy neceszary to complete a-"jumping” process of the R

>
% elementary unit. From the envisaged mechanism, significant !
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translation and rotation can only take place during the
first few loadings when the specimen is relatively loose
énd ha; ample, randomly distributed voids in the macro-
pores to permit significa;t displacements. The eQaluated
high endlgy\of activation during the first few loadings may
imply that significant mechanical activation process have
taken place along with that of thermal activation process

-

as described by rate process theory. -

e el

.
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6.1.3 Drained Creep Characteristics - A Time Dégendent

Deformation Mechanism

It has been shown by Walker (1969)1and Arulanandan
et al. (1971) that in an undrained creep test, significant
pore water pressures are generated in the specimen tested.
Creep strain and pore pressure are shown to be directly
related (Walker, 1969), and the magnitude of pore water
pressure build-up was shown to be consolidated ptesgure. tiﬁe
and structure depeﬁ?ent (Arulanandan, et. al., 1971). A
pore water pressure as high as 90 percent of the consoli—
dation pressure may be generatld at high stress levels and,
therefore, considerably reduced the effective stresses
acting on the soil skeleton.

In a drained creep test, the‘pore water pressure
built up by the application of additional axial stress is
allowed to dissipate. It is, }herefore, reasogable to
expect that the creep under drained conditions should show
a significantly different behavior from that of undrained

P
characteristics.

Consider the postulated. elementary uni;s as shown
on Figure 1¥3 and the schematic picture drawn by Yong (1971)
and the possib;e subsequent behavior under 8tres;es as shown
on Figgre 6-9 ; the elementary units are expected to be-
come closer after consolidation and reach an equilibrium
position when elementary units are in direct contact (B).

Upon the application of an additional external force f at

T

et it 2 b, M s

pory
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point A,.the elementary unit which £ acts upon is disp%aced

a distance,S and stresses are redigtributed and transmitted
to other elementary units (C). A transient pore water ‘
pressure gradient may build up within the specimen and local
pore water pressure may build up in both micropores within /
the elementary units and macropores between units. This

pore pressure may, however, dissipate to the vicinity
macropores whﬁch are stressed by lower pore water pressures.
Through this redist}ibution Snd dissipation process, stress
concentration is built up somewhere else on the elementafy
units and causesﬂcontinuous deformation as manifested in

the measurable macro-deformation process.

The above mechanism is wbviously very much /
simplified. The actual process is three dimensional and
probably involves the tragslation, rotational and dis-
tortional deformations. The breaking of structure of the
units may also take place in the deforming process. How-
ever, the concept of this mechanism was envisaged from the
drained creep characteristics observed throughout this
gseries of drained ;reep tests. In the following paragraphs,
the characteristic creep behavior which manifested the pro-
posed mechanism y;ll be described.

The foilowing phenomena are observed from
;esults of this series of drained creep tests:

i

1. the steady state creep rate decreases

at higher stress levels (Figure B-16);

3

4
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%2' the time of retardation for the anelastic
deformation decreases at higher stress
levels (Tables B-3a and B-3b); ’
3. the percent of recoverable strain is hid%er
at higher stress levels. /
) These behaviors iAdicate that specimens seem to
harden under drained conditions due to the reductién of
voids within the specimens. Depending on the ¢, used in
the consolidation, the voids between elementary units have
different volumes within the sample at the end of consoli-
dafion procesﬁes. As first shear stress is applied, rota-
tion of elementary units take place and tend to fill the \

voids,within the specimen and causes the méjority of the
deformation to be irreversible (%hgure P—IB). This, for

ghe first load%pg, the creep rate compliance, i.e., the

Ereep rate that a unit stress can produce, ie higher

(Figure 5- 3). As loading intensity increases, the voids

are reduced considerabI; and hence the creep rate compliance
decreases accérdingly. /This reduction in voids brings the
elementary units closer together and enables the scil assembly

to behave more elastically. ‘

Besides these hardening manifestations, it was
found that:

4. the instantaneous modulus of elasticity

dechBIOI as stress difference increases

w

to higher levels (Pigure 5-1A);
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5. the energy of activation decreases
as stress difference increases to higher
levels (Figure 6~ 7).

&

These behaviors seem to contradict the hardening
'p
concept at first glance. However, from microscopic pictures

of the s;ll structure, it is possible that at lower stress
levels the stress is carried by the mdre rigid elementary
units. This is reflected in the relatively high modulus
of elasticity measured and higher energy of activation at
first loadings (Figure 5-1A). A continuous increase in
the modulus of elastitity at lower stress range was observed
due to the fact that the soil mass continues to ge more
compact because of the reduction in voids. HNowever, as load
increases to about 30 percents0of the sample strength, the
voids are sufficiently reduced and the highest modulus of
elasticity measured indicates that the stress might be
taken primarily by the most rigid elementary units in the
specimen. Due to the random distribution of the stressés
and the elementary units, it may be envisaged that at this
state some elementary units may not be -tfgssed and some
may be stressed to their full strength. !
Further loading beyond this stage may cause the
instability of thesﬁ highly stressed elementary units since

they are at their highest strain energy states. Adjustment

138 ,

takes place within-thp specimen so that stresses are more and

more evenly distributed among all existing units by bringing

into action the lower strength units. The measured lower

o !

/
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modulus ;f elasticity, the lower aptivation energy, the

~relatively'high recoverable strain at higher stress levels,
all indicate that'these units coming into action now are
less rigid and most of them are stréssed within their
elastic limits.

This explanatory mechanism seems, in general,
consisient with the observed trend of variation of quanti-
ties evaluated from ;his series of tests. However, it
should be emphasized that this does not serve as direct
proof of the proposed mechanism. To prové'the existence
of such a creep mechanism, it is recognized that extensive

further theoretical and experimental studies are required.

In this regard, one of the most important experimental

techniques involved in the research probably is the scanning

electron microscopy which was studied and carried out

by Barden (1971, 1972), Morgenstern (1969) and Yong
/(1972). The theoretical development in this'thesis study

of probabilistic approach may prove to be plausible in

view of the observed fluctuation of the quantities and

|
the random nature of the soil specimen. Thedefore, the

‘distributions ;f stress, ;train and the elementary units
in relation to the observed creep behavior, as will be
discussed in the next section, is a direct concetﬁ“f;f‘ﬂ\\ﬁ
the theoretical studies.
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6.1.4 pistribution of Stress, Strain, and Elementary Units

e
/s

- The size of a typical kaolinite particle is in

o] ’ o)
the order of 10,000 A in diameter by 1,000 A in thickness /
(e.g. Grim, 1953; Lambe, 1958; Yong and garkentin, 1966) .
With a test specimen of 1.5 inches by 3.0 inches and a

void ratio of 0.8, it is estimated that there are approxi-

\ 14
mately 6.6 x 10° particles within each test sample. A

number of these pagtic;es tend to floc together to act as
if a single unit (called elementary unit in this ghesis
study). There are even a greater nﬁﬁber of possigle '
elementary units that may be formed from the combination
of these, constituent ﬁirticles. Hence, it is not practical,
if not 1npocaible,~to consider the oharacteristics of each
elementary unit. It would be more selsible if the distri-
bution of certain ch;racteristiqs of the elementary units
may be evaluated and this distribution may further be
correlated to the mechanical behavior of the material.

Viscoelastic bghavior of high borymets was
intensively studied by T. Alfrey (1948) and it was found
that the time ?f retardatiog is a cﬁaracteristic property
of the high poiymer molecuiés, and the spect}um of retar-
dation times from the creep function may in fact reflect
tﬁe distribution of the polymer nolec?les. This ?ethod
of analysis was employed and further modified by Yong

-

[
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and Chen (1970) to describe the probability of occurrence
off the proposed elementary units in soils.. The details
of the modified method were presented in Section 2.2.3. |
Results of tests are analyzed by using this
method, The distribution curves so obtained are plotted
on Figures B-24 through 5-38 inclusive in Appendix B, A
typical result of analysis was shown on Figure 2-2. Some
properties of the distribution such as mean, mode, standard
deviation and the represented time of retardation, to-
gether with the grobability of occurrence at this retar-

dation time, are also tabulated on Tables B-3a and B-3b \

in Appendix B. .
i a2
Some interesting results are indicated from

A
these graphs and tables: °

1. The distribution curves are generally
skewed and the values of mean, mode
and retardation time shift from the high
time decades to the lower ones as - '
loading increases and ultimately the bell
sﬁap; curve approaches that of a normal
distribution,

2., At higher confining pressures and at
lower temperatures, the 'values gf mean,
mode, and retardation time also generally
shift from the high time decades to the

lower decades (Tables B-3a and B-3b).

e e e
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For the samples tested, the representative
retardation time is approximately 40 to 400 miﬁates.
It is interi ting to note that for a material exhibiting
ideal flow, the retardation time approaches o6 (Figure
G-ip), while for a nearly perfect elastic material this
retardation éime is closewto zero., Therefore, it is
expected that increasing the material elasticity and
rigidity will produce a corresponding decreasing in the
retardation time values. This concept is obviously A
consistent with the results observed: i.e. the observed
lower values of mean, mode, and retardation time at higher
consolidation pressures indicate that the specimens, which
are known to be more compact, have a higher\rigidity and
behave more elastically; the onerved shifting toward
lower values of mean, mode, and time of retardation at

higher stress levels indicates that the specimens have

become more elastic.

(1) elastic
(2) soil

(3) viscous (1) (2) (3)

retarded strain

log ¢

J

Retarded 8trains and
Their Distributions for
Representative ldeal
Haterials

(1) (2) ~(3Y

slopes
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From the exhibited creep phenomena, e.g. change
of creep rate with time and stress (Figure 5-2 ), change
of steady creep rate with stress (Figure B-16), chanée l
of modulus of elasticity (Figure 5-1A), etc., it is
probably that the redistribution of stress and strain with-
in the sample has taken place with a mechanism probably
like that shown on Figqure 6-9 . With this mechanism, it
is also obvious that in some of the elementary units, which
are so highly stressed, that yieldin§-has occurred. Mean-
while, some of tﬂe elementary units may only gé’stresS@d
slightly or stressed to a fraction of their strengths.
Thus, at microscopic level according to the concept af the
random distribution of stress and the elementary units,
the stress acting on the elementary units may vary from
practically zero to the yield strength of the unit. The

\

strains of the elementary units, therefore, may vary from )
practically zero to that of a continuous plastic flow,
According to this’concept, the conventional way
of expressing the tbtal stress-strain relationship as
shown on Figure 6-11 is no more than mathematical expecta-
tions of these quantities., On this figure, the stress
is expressed in terms of the conventional engineering
definition of stress divided by (1-n) if one takes porosﬁty

4 .
of the specimen into account, where n is the porosity,

Since in a fully consolidated soil, the pore'pressure is

143
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dissipated, and the voids do not take stress at all.

It is, hencaw%plausible to express the:varia-
tion of stress and strain in the microscopic level in
the following forms (Axelrad, 1963; Axelrad and Yong, 19?6,

1970). *® / S
€ =(§)'+ & o

6 - <é> + é 0.00-000(6’1-‘-1)
[

micro stress acting on the unit

where g
€ = micro strain of the unit P

v/ -
() = expected stress acting on the unit

(€) = expected strain of the unit

€ = variation of the actual stress from
expected stress

¢' = variation of the actual strain from the
expected strain

and the expected values of stress and strain are given by

'S

the following expressions:
g

(8)= 7% ,
(ey= & tereeea. (6=1-4=2)

where 0 = the convention stress (load ;
divided by the area upon which the -
load acts) .

E = the conventional strain (engineering
strain or true strain)

!

n = porosity
If one assumes that the stress and‘htrain

distributions in the material are also normally distributed
/

i 1
- -
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(Goldstein, 1965), the microscopic stress and strain
distributions relating to the macroscopic stress-strain
relation may be shown diagrammatically in Figure 6-11.
. )

\
macro stress-strain
relation /

J/ .
| >
I =(€ )+ €
|
|
|' K€ )=E
| | .
O &\ strain
fig.6-11  micro stress strain distributions
The interaction of these two distributions
gives rise to the observable macroscopic measurements. In
other words, where micro stress equals to or exceeds
the strength of the unit, flow takes place, an§ where the
micro stress is less than the strength of the unit it is / N

also acting upon, the unit will undergo definite elastic
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and anelastic deformationé proport%onal to the stress.
Because of the randomness in the distributions of stress
and strain, according to -statistical concepts, the distri-
gution which shows thé probability distribution of the
units being stressed within their yield limits might be
considered as the random samples taken from the enéire
ensemble, therefore, might also be considered as representa-
tive distribution of ;11 the elementary units in the speci-
men (Tien and ‘Lienhard, 1971).

To eyaluate the probability di;trib£tioﬁ fu?ctions,
one may compare equation (5-4-3) with the theoretical re-

sults of equation (2-2-2-2) developed in Chapter 2,

let ¢t — 00 in creep function C(t), them the ultimate
value of the second term in this equation is equal to &,

-

i.e, ' ' /

= (u)Ad':
S:::’Ao- E . g'“ e eoenvoce (6‘1-‘-3)

-

therefore

/
. |
4
j p(orde = F(£)

-« 00000000(6—1-‘-‘)
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or the probability weighing factor\Pk(!:)dt is equal to

the density function f(t) which may be evaluated by :” T~

the retardation time distribution method; and for a normal f

distribution ;\ given 7y: ’ i /

z

_ (t-ﬁz
P(t)dc -,tmace‘,;,é}-e 29 de

~

ee oo (6-1-“'5)

The probability of occurrence of a unit at a
(4 -
particular level of energy i as given in equation (3-2-1-11) ;

hence may bg rewritten as:
e, z ,
D, r_2£ zig
PL = n a.- e ! dc 00000'00056/—1-‘-6)

The equivalence of these two equations, one
derived from thermodynamic concept, the other a consequence

of viscoelastic consideration, indicates that there does

exist a functional relationsﬁip between the specific

. envirommental constraints in regard to the balance of

energy and the retardational characteristics of the result-

ing elementary units., Though, rigorously, it is not necessarily
that there exists a one-one correspondence between the /
particular energy level of integrity and a particulaf
retardation time, i.e., at a particular energy level, there

ﬁay be g; units which do not necessarily have the same -

retardatiop time. The characteristics of the time of

! \
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‘retardation and the retarded s£rain may be obtained
experimentally whi}e the exaét energy level for the forma-
! tion ofjﬁggjglay s0il .elementary unit remains unknown -
b dﬁe to the complexo%nteractions between soil particles and
between soil particies and the® constituent fluids. It is
also because of this inherent difficulty in the eva1u§-

- tion 6f exact energy level, ¢hat it imposes a problem

in the evaluation of the exact value of the partition
function, although it may be seen from Bpuation (6-1-4-5) h
that the partition function is probaﬁly proportional to

JZn & , however, the proportional constant is not clear

at this stage of the investigation. !
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6.2 CONCLUSION
——

The

techniques now available have provided

evidence that in a clay s0il matrix, a number of particles

tend to floc together and behave as if a unit; here

defined as elementary unit or ped., These peds further

define thﬁ overall structure and stability of clays. To

¥ Y
account gbr the mechanism of the physical interaction and

} ,
{ndividual contributicn of the unit to the creep performance,

the elementary unit has been defined and utilized as a

babic model for the development of a probabilistic theory

presented in the thesis, It is shown that with the

applfcation of the theory, a consistent method of the

drained creep analysis is available which accounts for

the non-homogeneous distributions of stress, ltrain,/anqx

the phyyical makeup of the elementary units in the clay

loiio.

The

this study:

.

1,

following conclusions may be drawn from
w,

o

Drained creep behavior can not be pre-~
&icted by the available creesp theories
derived from undrained creep behavior.
No linear relationship exists between log §
versus ( o, -0, ) and no doti;ito plttcrn

of temperature effect may be defined

-
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although hibher temperature seems to
increase the creep deformation and creep
rate. Therefore, no unigue energy of
activation may be evajuated and the rate
prPces; theory can not be applied to
drained creep test analysis without '
significant l4mitations. | ‘ L
Tﬁh stress-strajin-time rel&tionship ob~-
tained by separating the deformation into
elastic, anelastic and flow components and
by introduycing the pgobabilintic weighing
function into the anaiylil provlde- an ’
egcillent prediction of creep strain ;;
any time for given gonfining pressures

and stress dittarencL levels not exceeding

1

50 percent of the unconfined compressive
strength of the specimen. B

In a drained creep test, the axial strain
rg’ultinqrfron anisotropic consolidation )
was found constituting approximately 5 to
15 percent of the total creep strain.
However, at hiqhé} confining pressures and

at lower stress difference levels, a signi~

. ficant portion of strain is due to aniso-

tropic consolidation,

«
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¢ ,
4. A creep mechanism, based on the

#postulated elementary units, which is

£
.
4
E -
i« vz okiiaibigpassgneniil -

a group of clay particles acting as if
a unit, may be utilized to explain the
observed drain creep characteristics.

¥ Thé distributional characteristics used
in the analysis may provide a theoretical

basis for the further probabilistic approach

to the creep analysis for clay soils,

/
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6.3 PURTHER RESEARCH
The followiﬁg are a few examples of further /
research which will be beneficial to the understanding of . :
rheological characteristics of clay soils: (iw\\ ‘
B 1, Semi-drained conditions ~ test results

indicate drained creep behavior is significantly different

\ -
from that of undrained results., However, to simulate the/

field conditions, both short term (undrained) and long
term (drained) behaviors are of interest to engineering
practice. Therefore, a research program involves tests
on large samples or full scale figld tests will be
most desirable. The tests lﬂould be carried out with free
drainage at boundary while pore water pressure be measured
at several locations of the specimen or the soil mass in
the field, WwWith this program, the influence of pore
water pressure build-up and dissipation onathc creep
pattern may be examined.

2, Applications - with the ltrcns-ltiain-timc
relationlhip for drained crcep obtained from this study,
it will be interesting to see its praaticul‘application
to slope stability analysis of open cuts, long inclined
slopes, settlement of tanks on soft soils, etc. The ’ !
program will involve test borings on several predetermined
locations to obtiin the information on uoii'fttatiqraphy,
groundwater' conditions, scvorgl piezometers, inclinometer

Y -
‘ ~
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(J' .
and settlement gauges should be installed for pore water
pressure measurements and movement detections, respectively.
Stf;sa-strain—time relationship similar to Equation 5-~4~2
may be obtained by creep tests on samples obtain?d from

- test boreholes. Apprgpriate Gy , 0,-03 should be cho;en
so that they would represent the stress conditions in
the field, With this %nformation and boundary conditions,

" the finite element method of analysis may be used to v
calculate the predicted creep movement of the soil mass and
results may be compared to the field observations,

3. 6oil fabric studies - physicochemical
studies oh soil fabric will include the studies on varia-

Y tions of ioil tabric‘§t different stages during the

deformation process. The most effective techniqu probably

is the scanning electron microncopy tochﬂ&que. However,

this will also involve standardizing the method and procedure, so
that a direct comparison can be made and the 1nteg?retation *
of the results will not be hindered by the laboratory conditioning

of the specimens. With the increasing understanding of soil

fabirc, the ﬁochanism_involVeJ in the deformation can be

?
properly envisaged., Therefore, an appropriate physical
4 theory (or theoriss) mfy be adopted for the interpretation
of observed behavior it may further be used as a tool

for the prediction of the -tronl-ltrain-tiﬂc behavior for

’ soils. t | /
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In th;: series of lhvcntiqq&ionl, degenerated
kaocline was lploctc& for testing on the ground as it Nas
a relatively high specific surface due to the poor
development of its crystal structure, and it has a conlidf
erable abount of isomorphous :ubstitution within the )
lattice. Under sustained loading, sh.l. properties might
lead tg some unexpected behavior of the material when the
specimen is subjected to different environmental conditiok;
such as dfftcront confining pressures, tompontuqno, and
time durations. 1In view of the rolntivolyxhiqh confining
pressure used in this series of studies and the Wecessity
of temperature control, spedial sample preparation devices
were set up., Conventional triaxial cells were modified.
Inlttuﬁcntntion and testing piocoduro- were dolﬁqnod 80
that meaningful data cpuld be obtained., All the samples 3
tested and tho'to;poraturo, confining pressure and stress J
diftoiogcc levals applied to each sample are shown on Table 4-1. //”
A.1 MATERIAL (Yong et al., 1964)

The clay soil used in this series of tests was
Bell Clay which is a finely ;1vidod, kaolinitic'clay, light
brown in color, and prepared and packaged by Bell Industries,
ptd. From standard hydrometer tests, all of the pnrticl;f

exhibiting an equivalent diameter of less than 0.10 n-‘w ile

approximately 70 percent by weight of the soil particles

remained in suspension after 72 ’hours.




The X~ray diffraction analysis of-the coarse

trgction of the so0il confirmed that the Eajor clay mineral

X
1
¥
@
1

component was kaolin. However, along with the usual

well cryst;lli 4 form (characterized by a lattice spacing

of 7.12 A), a form with a lattice spacing of 4.63 A was

also recorded; indicating that a poorly developed, or de-
generated version of the mineral was also present. Porﬁapl

the mo:i striking feature of the X-ray diffyaction tracé

was an extremely sharp peak corresponding to a lattice

spacing of 3.11 i, ypical of the non-clay mineral quartz. ;o

2y,

The sharpness of this peak .is not due to the relative

abundance of this mineral but to“the well developaed
cyrstallinity usually associsted with it. A secondary quartz j
spacing of 4.24 ; serves t¢ co;tirm the presence of this 1
;inoral in the sample. Trac;s of s second non-clay mineral,

apatite, were identified by the pgpitivc results of chemical

¥

tests for the slements culcium';ﬂ& phosphorous.

Following the praccduro outlined by ASTM, the
liquid limit of Bcl} Clay was i found to be 75 percent and
plastic limit 30 parccnt:

7 Using distilled water as the displacement fluid,
the average specific gravity of Bell Clay was found to be
2,52, an unusually low figure when considering that both
quartz and apatite, known to be present in the soil, Poll’ll ,
specific gravities considerably higher than that. With
carbon tetrachloride as the displacement fluid, a value
of 2,72 was obtained. This figure is censidered to be

.
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more representative of the material, and the lower figure
obtained in yater can be_conlidered as an additional indi-
cation of the activity of the clay mineral fraction of the 1
soil.

In addition to these more or less routine tests,
several non-standard tests were c;rried out. They included ‘
\hydromctor analysis in unconditioned, distilled water (the

grain size analysis gquoted above used scdium metaphosphate

as a dispersion ag:nt) and in 10”2, 1073N solutions of sodium

chloride. The results of the tests conducted in distilled

water agreed very closely with those of the test cited above

indicating that the loil, in its natural state, was

lnot liqﬁiticantly flocculated. 1In both of the sodium

chloride solutions, evaluation of the hydrometer results

were different since the clay flocculated immediatly. Such

behavior would seem to indicate that the long and short

range forces of interaction present in the system were

free to act, except where modified by the cautions of

the sodium chloriao lolytionl. boncoquﬁntly, they will

play a significant :olc/in determining tﬁj»chatnctoiinticl

of any soil containing appreciablé quantities of Bell Clay.
This hypothesis was cont{rnod by the evaluation

of the consistency limits of t@, sail with sodium meta-

phosphate, with 10-2 and Iﬂ”i -odlu.xghlorido solutions

being the fluid phase. Although these tests are in no way
standard, the differing résults obtained indiclte that the

4
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behavior of Bell Clay mayébg considérably modified by the
varintipn‘ot,tho exchangeable ion concentration and that
the ion exchange capacity is considerably higher than
that normally nslociitod with kaolinitic clays. 1In the
degenerate form, degenerated kaoline would act as an
amorphous méterial, and due to the poor‘dovclopmont of
the crystal structure, a considerable Aﬁount of isomorphous
substitution within the littico can be expected. 1t is
likely that this mineral shown in' the X-ray diffraction
analysis is responsible for much of the unusual behavior
of Bell Clay. This, together with the high specific
surface inplicit in the small particle size; would lead
to the unexpected activity of t;% mineral.

/
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A.2 SAMPLE PR!PAILTIOI

+ ) ‘ J

In order to ensure the uniformity of the sample

used, and to eliminate the effect of pore air, i{t is
desirable to prepare a high degree of saturation in the T

sample to obtain a

‘

two~phase system.

The sample preparation apparatus is shown in
/[Pigure A-1, and the procedure is outlined acjtollowls
when fhorouthy mixed slurry of Bell Clay powder and
distilled water (water content of 120 percent) was placed
in the slurry reseryoir and allowed to season for at least
24 hours, a uniform, creamy and consistent slurry was ob~-
tained, The sedimentation column and consolidation tube
(3.5 inches in diameter) were then filled with distilled
water which was sutbsequently doa;rod under vacuum. The
slurry was drawn under vqcuuudlnto deaired water in the
sedimentation column and allowed to fall into the oconsoli-
dation tube which was vibrated to break down the structure

of the slurry. When sufficient slurgy to produce a test

%fpccinan had accumulated in ths. consolidation tube, it was

rembved and subjected to a uniaxiasl loading with top and
bottom drainages provided. The loading procﬂauro, prior
to the removal of the sample from the 'tube, follows the
incremental technigue with low initial loads. A time of
spproximately ten days was required to reach the axial
con-olidaéion pressure of 30 psi, Because of the side

friction, this preliminary consolidation pressure was

A6
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( estimated to be around 25 psi. Pollowing this freatment,
the specimen was extruded, cut into six or seven inch lenghts .
and placed .in the traixial cell. This specimen was further t
ilotropidglly consolidated with a confining pressure of :
30 psi for four days. Pilter paper side drainage, single ‘3

rubber sleve (TESTLAB) and 0 rings were used in accordance
with the standard practice. After this process, the specimen
vwas trimmed to 1.4 inches in diameter and 3.14 inches in
length. This sample was then placed in the triaxial with
double membrane and side drainage, amd oconsolidation to th;
desired confining pressure with an initial consolidation

pressure of 30 psi and subsequent incrementsl pressure of
60 5-1. The corisolidation period for each increment was
four days to ensure that the internal pore water pronnﬁrc
vas completely dissipated. , Volume change due to consoli-
dation was mefsured in terms of the water extruded and
this observation was checked by a determination of the
loss in sample weight. Volume change and axial shortening, .
due t; consolidation, were used to calculate the resultant
corss-sectional area of the specimen by assuming that the
shape remained cylindrical. The degree of saturation was
checked by the use of pore pressure paramster B (Skempton,
1954). Results indicated that the degree of saturation /
was excellent.. The homogensity of the sample was chociod
by cutting the fully consoiidated sample into slices,

‘ the maximum varistion of the water ocontent of the individual
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slices from the average value for O3 = 240 psi was found

to be less than 0.4 percent, indicating a good homogeneity

within the sample under this relatively high oconsolidation
i

pressure.
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A.3 APPARATUS AND TEST PROCEDURES

The arrangement and the testing apparatus are .
schematically repressnted in\riquro 4-4, The t;iaxial
cells were reinforced to withstand the relatively high
confining pressures. ,In previous investigations, (Chen,
1965) preliminary t.;tl showed that ths membranes wvere not
able to prevent the transfer of moisture between membrane
covered specimens and the surrounding confining fluid
under pressure higher than 60 psi when water was used as
confining medium. Thus, mercury was used as a jAckct aqﬂ
moisture barrier for pressures greater than 60 psi. Bince
the sample had been consolidated to 60 psi prior to the.
tzi::inq process, the effect of the difference of hydro-

static h.ad between top and bottom of the test sample,

in this case calculated to be 1.3 psi, was found negligible.

The pressurs source unit was a pressurized nitro-

gen tank connected to s pressure regulator which can be

adjusted to the Aesired confining pressures. Under relatively

constant room temperature, the variatidn of the pressure
wvas not registered during the loading period.

After the lilplcl vere placed in the traixial
cells, the entire set~up was insulated in a styrofora
cabinet. The temperature inside the cabinet was.regulated
by a light bulb-fans and thermo-coupls systems Which was
designated to control the temperature within +0.5°7. °

A periodic ocheck of the temperature inside the cabinet,
( 7z

sl -
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however, indicated that +1°F was being registered.

Pour different confining pressures of 30, 60,
120, and 240 psi were usod;in this series of tclts. The
volume change, due to consolidation and the addition of
stress difference, ero measured by burettes which has
an accuracy of 0.025 cc. These burettes were so arranged
and adjusted from time to time, that the water levels in
them vere kept at the same levels as those of the corres-
ponding tops and bottoms of the samples, in order to avoid
hydrostatic head differences. The tops of these burettes
were 80 connected that the vapor pressure in the line would
prevent the evaporation of the water in the burettes.

%

After the sample was consolidated to the desired

confining pressure, constant loading was then applied \

instantaneously. Both deviatoric and volumetric stresses
were induced to cause shear strain and volume change of
the sample. The vertical deformations were measured by
dial gauges to an ;ccnrncy of 0.5 x 16-‘£nch. The guages
were firmly attached to the triaxial cells to prevent

the possible error due to relative movement. The readings
of the deformation were taken at proper time intervals
during the retarded deformstion stager intervals of

6 to 8 hours during oconstant rate flow stage. This was
to ensure that the coreep curve readings were not to be
interrupted by the night. This constant loading was main-~

tained for 48 hours watil a constant flow curve was observed.

-
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This was followed by a complete removal of the loading
luvi:nq the stress difference acting on the sample to zero.
Upon the removal of the loadinq, the amount of rebound '
alpo recorded at proper time intervals so that s smooth
strain-time curve was obtained. The rebound process was
found to terminate within 24 hours. ‘l'hcrctgro, the sample
was kept unloaded for 24 hours before the :ppucation of
the qoxt higher step of lo'adinq which vas again followed
by complete removal of the load. This procedure was
repeated until the loading reached approximately 80 percent
of its unconfined compressive Jtrcnqéh.

After the last loading, the spparatus was
ismantled quickly and the sample was aubjccgod to an un-

ned ao-proilion test, and the final wvater content was
taken subsequently.

/
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"‘Gy= 30 psy T = 98°P Gg =30 pat T = 88°P
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C. -8 20000 0 -0 =233p U=C0s =33pm {;'

time’ strain time  strain © time strain
(min) (%) (min) (%) (min) (%)
0.1 1.153 0.1 1.3%60 0.1 -0.0598
0.5 1.247 0.5 1.33 " 0.8 0.0664
200 1.1 20 L% 0 cie oo
4.0 1. 4.0 1.2& 4.0 0.0797
7.0 1.624L 7.5 1.;52. 7.0 0.0830
15.0 1.811 15.0 896 18.0 0:091)
go.o 1.9%90 20.0 2.03 0.0 0.101)
0.0 2.199 0.0 2.13 0.0 0.116)
110.0 2.39 100.0 2.8“; 130.0 0.1345
180.0 2.50 210.0 2.04) 2060.0 0.1545
dme nne e M S A
320.0 2.85 1400.0 3.213 26%0.0 0.2591
600.0 2.993 1860.0 3.225
800.0 . 3.092 2940.0 3.%69
1425.0 ©  3.27) ~
18458.0 3.357
2100.0 3.401 . 4
2880! 3.%2 - !
. atreas dlgforonoo -0 .
0.0 30“82 ., 0.0 "o 69 P4 0.0 0.2 91
0.1 2.993@ « O¢d 2‘387 0.1 002%
0.5  2.939 0.5  2.804 / 0.5  0.240
1.0 2.901 i 1.0 -2.?zg b‘ﬁ 02392
2,0 2.878 2.0 2.7 7. 0.2358
4.0 2.829 4.0 2.69%90 15.0 0.2309
7.0 2.793 7.0 2.658 30.0 Q.2159
A SO R
20.0 2.682. 26.0 2.592 790+ Q, 0.1960
120.0 2.64 125.0 . 2.4 1430.0 0.2010
10.0¢ 2.588 180.Q 2.439 .
60.0 2.561 465.0 2.368 ¢
810.0 2.552 §70.0 2.35;
1440.0 2. lﬁgs.o 2.2
. * 1480.0 2.3%21




P \ 87
Q / 0y = 30 pad T = '78°F
0, -C0p wt.6pay G -0p w20,0ppy 0. -02 =330

time atrain tine strain time "strain
(min) (%) (@in) (%) (min) (%)

, )
0«1 * 0.1148 0.1 0.1988" 0.1 0.2914
0« 0.1248 - 0.5 0.2122 0.5 0.3217
+1.0 0.1315 i 1.0 0.2138 T.0 0.3402
2.0 0.13%8) - 2.0 0.2289 2.0 0.3587
4.0 0.1 4,0 0.2422 b.0 0.3992
7.0 0.1498 7.0 0.2556 7.0 0.4227
15.0 0.1598 15.0 0.2807 15.0 0.4699
go.o 0.1747 go.o 0.8 0.0 0.5272
0.0 0.1914 0.0. 0.3625 5.0 0.5710
120.0 0.2180 90.0 0.3393 60.0 0.6030
220.0 0.2563 120.0 4260 120.0 0.7158

g 0.0 0.297 2&0.0 0. 5747 230.0 0.877

0.0 0. 932 30.0 s 0.7000 5.0 1.099
1460.0 0. 4641 1510.0 1.0107 810.0 1.3188
1880.0 0.4943 2020.0 1.0842 1430.0 1.5276
2320.0 0.5242 2830.0 1.1677 1820.0 1. 881
. 2960.0 0.5%5%92 / 2940.0 1.2600

-
A
» stress difference = 0O
!o.o o.zgzz 0.0 1.1677 0.0 1.7600
0.1 0.4464% 0.1 o.ggzo 0.1 1.4805
0.5 0.45%593 0.5 0.9806 0.5 1.4569
1.0 ©  0.4%60 1.0 o.gzj 1.0 1. gu
2.0 0. 4526 2.0 0. 2.0 1.4282
4.0 0.4510 4.0 0.95%6 ¢ 4.0 1.4097
7.0 0.4460 7.0 0.9455 7.0 1.3946
15.0 0.4410 15,0 0.9272 1.0 1.3693
22.0 o.uaza ‘ 20.0 o.goge ao.o 1.3423
ao.o 0.4360 0.0 0.8871 . 5.0 1.3221
5.0 0.434 90.0 0.87220 60.0_. 1.3087
140.0 o.uouz 1go.o 0.8603 80.0 1.2952°
0.0 ' 0.3%98) 180.0 o.asg? 325.0 . 1.2329
1440.0 0.3844 290.0 0.8386 565.0 1.2177
1560.0 0.3828 510.0 0.8319 755.0 1.2177
1260.0 0.815%52 1710.0 1.1958
@ N\

&




- , . .Y |
() . Os = 30 pad Tw '7h°w
- - 6’ 6-0 - G-I - mm G.I - 6-3 = 2%, psl 4 »
4
time strain time strain tima atrain
(min) ( €) (min) (%) (min) ( »)
0.1 0.4380 0.1 0.6971 0.1 1.1168
0.5 0. 4960 0.5 0.8009 0.5 1.2403
1.0 0. 5301 1.0 0.8597 1.0 1. 3638
2,0 0. 5710 2.0 0.9328 2.0 1. 5084
4.0 0.6187 4.0 1.018 4.0 1.6072
2.0 0.664 7.0 1.1087 . 7.0 1.7731
14.0 0.7 14.0 1.2264 4.0 1.6283
22.0 0+8130 22.0 1.92%2 22.0 2.0659
Ro.o 0.8675 0.0 1.395% Ro.o 2.1612
bs.0 0.9425 .0 1.4927 5.0 2.3165
60.0 1.0039 60.0 1.56%4 60.0 2.b258
90.0 1.09%9 90.0 1.6795 90.0 2:5687
TN 120.0 1.164) 220.0 2.0065% 120.0 2.72%8
290.0 1. 8015 .- $05.0 2.2607 290.0 3.1104
. 0.0 1.72 820.0 z.g721 400.0 Je24hs
A 1240.0 1.978 1385.0 2.8715% , ago.o 3.5197
1600.0 2.0776 1815.0 2.8800 1380.0 3. 2480
,zoso.p 2.1730 2170.0 2.9491 1850.0 3.793
2870.0 2.3600 3040.0 3.1200 2220.0 3.8549
" > 2880.0 3.9396
streas difference = 0
0.0 2.3%600 0.0 3.1200 0.0 3.9396
0.1 1.883 0.1 2.3133 0.1 3.1986
0.5 1.84 0.5 2.4%510 0.5 3. 0998
1.0 1.8254 1.0 2.4199 1.0 3.0680
2.0 1.8015% 2.0 2.3853 2.0 3.0222
4.0 1.7742 b.0 2.3507 5.0 2.9692
- 7,0 1.7538 7.0 2.3247 7.0 2.9516
14.0 1.723 14.0 2.2884 14.0 2.90%2
22.0 1.69%8 22.0 2.257 22.0 2.874C
0.0 1.6754 30.0 2.23 30.0 2.8457
500 1. 1 '$0.0 2.1915 500 208108
60.0 1.62 20.0 2.1639 60.0 2.78
q 9000 1060 8 6 0.0 2000 ? 90-0 2;7 ?
v 12040 1. 5867 1780.0 1.9%63 120.0 2.72240
220.0 1. 240.0 2.6693
600.0 1.4947 , 400.0 2.63u40
@ 1220.0 1.465%7 250.0 2.5987
1470.0 2.574¢C




O

4

Ga= 30 psy T = 78°P

«

time,
(min)

0.1
0.5
1.0
2.0
4.0
7.0
14,0
22.0
0.0
5.0
60.0
9040
190.0
390.0
240.0
1430.0
2210.0
2950.0
3600.0

(e foXoRoNolV § Jo

w .
SoFENn~OO0O

L 4

22.0

atreas difference =» 0

/

6s = 30 pay

tlna
(min)

0.1
0.5
1.0
2.0
4.0
7.0
15.0
0.0
0.0
90,0
120.0
255.0
0.0
735.0

1440.0

2880.0

OoOOoOWnKHO

strain

(%)

0. 0h6Y
0. 0464
0.0514
0.0813
0.0795
0.0911
0.1011
0.1259
0.1425
0.1491
0.1491
0.1707
0.2005
0.2320
0.2585
0. 3281

0.3281
0.2751
0.273%
0.2
0.2

&

T = £8°OF

B9

, 05 =2¢6pn) 0703 =33p0 01-0s"=6.6pe1 |

time
(win)

R
OO &N ONI

OCONOOCOOOWNIFNHFOO

* - [ ] > > - L] * @ L 4 L ] L J - * L 4

d
®
™

O ONWD

COO0OOCONNETNOOO

* * @ ®* o e o o * . ® [ L J

2

eJefofojoRoNol o NaNalV ¥ _Nao

30.0
1410.0

L4

straln
(%)

0.0815%
0.0598
0.0731
0. 0881
Q0. 0047
0.1180
0.1229%
0.13U6&
0.1578
2.1960
0.2492
0.272%
3. 4021
0. 5084

0.6745

0.6745
0. 5848
0, 5832
0.¢76R
0. 5782
0. 5682
0. 5649
0. 5483
0.5150
0.4984
0.4918
0. 4885
0. 4868
0. 4835
0.4818

st e

:
. rabE



T4

[]
BloO
() i 03 =3 ; T = 6%
e} = 0.-03 =333 pmy G- 03 =266 oy
ime strain tine omm tine" strain
ain) (%) (uin) (min) (%)
0.1 0.0835 0.1 Z Q.25 0.313%%
0.5 0.0901 0.5 0.5 03339
1.0 0.0968 1.0 O 202) 1.0 0.4024
2.0 0.1269 2.0 0. 2292 2.0 0.4264
4.0 001386 4.0 002596 4.0 »0.4624
7.0 0.153%6 7.0 O 3000 7.0 0.4915
15.0 0.1903 15.0 RE 15.0 0.5662
30.0 . 0.2337 0.8 22 0.0 0.700
60.0 0.305% 0.0 O. 8 0.0 0.7672
105.0  0.387) 0.0  0.56%8 0" 0.8546
240.0 0.5%5759 240.0 1.06)7 180.0 1.1114
408.0 0.7198 60.0 1.1917 270.0 1.2262
780.0 0.9315 7 470.0 1.%5181 765.0 1.7126
163%5.0 1.1102 690.0 1.47249 1390.0 1.97%7
2880.0 - 1.3422 2190.0 1.921 1830.0 2.02
2880.0 2.086 2220.0 2.1407
. 2880.0  2.2777
stress difference = 0
. \
0.0 1.3422 0.0 2.0864 0.0 2.27??
0.1 1.0985% 0.1 1.7799 0.25 1.9359
0.5% 1.098) 0.5 1.7799 0.5% 1. 9222
2.0 1.0801 1.0 1.76M 1.0 3
4.0 1.06% 2.0 1.7429 2.0 80&
9.0 1.0467 4.0 1. ?25 4.0
15.0 1.025%0 7.0 1. Z 7.0 1 8
20.0 1.0100 15.0 822 15%.0 “1.8187
0.0 0.9922 0.0 1 6562 0.0 1.8136
120.0 0.98 0.0 . l.7742.
180.0 0.9783 120.0 1 61“8 28.0 1.7588
$40,0 0.969 240.0 1.6030 280.0 1.728¢C
12%0.C 0.9%6 420.0 1.5760 . 1.70587
810.0 1.5743 00.0 1.690)
1440.0 1.5777 1480.0 1.6863




y Bll
Os = Y0 pal. T = £8P
? Y
03 =20.0ps3 0 =3 =2330m .
time strain time strain !
(wmin) {£) (min) (5D . ‘.
. 0.2% 0.5312 0.25 0.8788
0.5 0.569% 0.5 0.9852 :}
1.0 0.6009 1.0 1.113
2.0  0.65% 2.0 1.2773
4.0 0.7188 4.0 1.51482
7.0 0.7785 7.0 1.7860
L1850 0.8969 15.0 2.2272
20.0 1.0345 20.0 2.7146 -
0.0 1 2017 0-9 3.20%6
. 0 zzsu 90.0 3.4582
. 240.0 120.0 3.6183
6040 89 250.0 . 0043
60.0 2. $29 410.0 4.2373
1830.0 2.7 1420.0 4.7016
28350.0 2.9485 1850.0 4.801% '

2880.0 5.009%

stress differences = 0

“~

0.0  2.648 0.0 3.009u
0.25 2.558 0.25 . 5433
0.5  2.5096 0.5  4.0733
1.0 «4887 1.0 4.4188
2.0 2.4539 2.0 4. 36 54
4.0 ° 2.4121 4.0 4.322
. 9,0  2.3808 7.0  4.283
15.0 z. 320 15.0  4.2124
0.0 <2745 go.o $.1555
- 80.0 2 2310 . 0.0  %.1093
120.0 2. 1962 90.0  4.0772
30.0 29 270.0  4.020
50.0 , 2 1140 420.0 3.99
1500.0 =~ 2.0986 840.0 ~ 3.9616

1440.0 3.9385



A 4

B12
0s = 60 ps2 T = 98°F \

-0 =33pey’ O-0s =300pm G- d'.L- 16:¢ psi

time streain tine straln tine straln
(min) (%) (min) (%) (min) (&)
0.1 0.0329 0.1 0.1615 0.1 0+2069
0.5 0.0690 0.5 0.1813 1.0 0.2570
1.0 0.1018 1.0 0.1911 2.0 0.285%4
2.0 0.1117 2.0 0.2043 4.0 0+ 3137
2.0 0.1183 4.0 0.2192 7.0 0. 3455
4.0 0.1380 7.0 0.2373 14,0 0.3972
22.0 0.1511 14.0 0.2603% 23.0 0. 4406
30.0 0.1885 22.0 0.2768 30.0 0.4706
60.0 0.1807 go.o 0.2933 60.0 0. 5641
80.0 0.1938 0.0 0.3263 95.0 0.6500
160.0 0.2283 90.0 0.3559 260.0 0.8611
410.0 0.2973 175.0 0.3988 990.0 1.4169 .
590.0 0.351 540.0 0.5372 1530.0 1.6388
780.0 0. 407 1155.0 0.6921 3050.0 2.0861
1710.0 0.4928 1900.0 0.8338
2880.0 0.657 2520.0 0.9343 ‘
2880.0 1.0100
{ A3
s
| atress difference = O
0.0 0.6571 0.0 1.0100 0.0 . 2.086
0.1 0.6012 0.1 0.784 0.1 1.932%
0.5 0.5979 0.5 0.77 1.0 1.8524
2.0 0.5946 1.0 0.7277 2.0 1.8324
22.0 0.5914 2.0 0.7761 4.0 1.8074
1160.0 0.5914 4.0 0.7728 7.0 1.7823
14.0 0.7613 14,0 1.7490
22.0 o 7 30 22.0 1.7206
60.0 30.0 1.6972
90.0 o ?ug 70.0 1.6388
270.0 0.73 2 145.0 1. 588"
4¥50.0 0.73 azg.o 1.5437
{ N 1440.0 1.3918
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Bl13
(:\ Ga = 60 psy T = 52°F )
\ . _0:-03 =«23.3psf G -0s »w10.0py G -08 = 36.6 psy
time strain , time strain time strain -
g (min) (%) (mipd (%) (ein) (%)
i ’ 0.1 o 5178 L0s 1.2375 0s1  1.0987
E 0.5% 27“1 . 0.5 10“123 . 0.5 1.2818
1.0 o gg 1.0° 1.5068 1.0 1.4466
2.0 2 2.0 1 gzo 2.0 1.68873
4.0 0 7597 4,0 1.7968 4.0 2.0582
; 7.0 0.8177 7.0 1.9436 2.0 ., 2.5197
r 14.0 0.9199 14.0 2.1429 14.0 * 3.3059
| 22.0 - 0.9744 22,0 2.2914 22.0 2300
.go.o‘ 1.0289 0.0 2.4050 5.0 4.804Q
0.0 1.1754 0.0 2.6952 0.0 5.99
150.0 1.4215 90.0 2.8 140.0 72,4967
320.0 1.7920 *245,0 3418 250.0  8.1743
40,0 1.8976 0.0 .78 530.0  B.6247
920.0 2.112 1b30.0 2438  1090.0 8.9653
1580.0 2.321 2120.0 95 1780.0 9.148
1780.0 2.3282 2810.0 u. 2060.0 9.2107
2250.0 2.b632 2540.0 9.2931
2835.0 2.5518 2770.9Q 9.3572
n

stress difference = 0°

; ’ 0.0 2.5518 0.0 u. 619 0.0 9.3572
| 0.1 2.139 0.1 285 0.1 8.3317
| 0.5 2.071 0.5 32 0.5 8.2145
| 1.0 2,020 1.0 22 1.0 8.1633
| 2.0 1.9726 2.0 b 2.0 8.0827
4.0 1.9181 b,0 3 2790 4.0 8.0241
_ 7.0 1.8738 . 7.0 3.9%5 7.0  ?2.9875
14.0 1.8125 14.0 3.16 14.0 ?.9618
| 22.0 1.7682 22.0 3.0&;3 22.0 7.9289
; 30,0 1.7381 0.0 2.99 30.0 7.9051
| 0.0 1.6558 0.0 2.8997 60.0 7.8520
90.0 1.6115 120.0 2.7791 180.0 77549
180.0 1.5399 300.0 " 2.6637 680.0 7.6872
420.0 4388 ~ 560.0 2.597 1470.0 76615

820.0 1.4547 1250.0 2.513



Bl4
" ’ o
,( Js = 60 psi T = RR®F
6-3- 6./3 = 606 m G-I,- 6-’ = l:o’ Eﬁl 6-1 = 6.} = 20,0 m
time strain time strain time strain
(min) (%) (min) ﬁ/ﬁ.) (min) (%)
0.1 0. 0488 0.1 0.1570 0.1 042440
0.5 0.0537 0.5 0.1668 0.5 0.2671
1.0 0.0651 1.0 0.1831 1.0 0.2780
2.0 0.0700 2.0 0.1929 2.0 0.3232
o0 0.078\2 4.0 0.2060 L.0 0-3“02
2.0 0.0879 7.0 0.2158 7.0 0.38CQ
14.0 0.0993 14.0 0.2338 14.0 0. 44149
22.0 0.1061 22.0 0.2551 22.0 0.4830
. Ro.o 0.1172 30.¢ 0.2714 30.0 0. 8300
5.0 0.1351 45:0 0.2943 45,0 048870
60.0 0.1468 60.0 o.aigs £0.0 0. EL14
140.0 0.2051 180.0 0.4480 80.0 0.7007
; %00.0 6\3354 : 260. 0.5101 170.0 1.1034
, & 1210.0 0.4136 50.0 0.2239 430.0 1.2432
i , 1830.0  0.4551 80.0  0.85%40 795.0  1.4707
o 2000.0 0.4657 790.0 0.7734 1405.0 1.662C
v 2620.0 0.4884 1350.0 0.9042 2065.0 1.7411
, 2120.0 1.0170 2880.0 1.8862

2880.0 1.1118

L3

stresa difference = (

I
E 0.0  T.48B4 0.0  1.1118 0.0 ‘b.saca
0.1 0. 4425 0.1 0.9778 0.1  1.6373
3 1.0 0.4396 0.5 , 0.9581 0.5  11.6175
f 2.0 0.4380 1.0 ' 0.9516 1.0  1.6076
7.0 0.4347 2.0 | 0.G43%4 2.0 1.5944
30.0 0.4315 4.0  0.%402 4.0  1.5345%
60.0  0.424% 7.0  0.9352 7.0  1.5713
125.0 0.4233 14.0  0.9173 14.0  1.5445
'200.0 . 0.4217 22.0  0.9091 22.0  1.528B4
1440.0  0.4201 0.0 0.8960 Eo.o 1.5185
N . 5.0‘\‘ 008911 0.0 l. 5087
60.0  0.BBuE 120.0  1.4147
90.0  0.8764 1440.0  1.73516

1440.0 0.833%

e e




R15
1 . Os = 60 pst T = B8OF
3 ) _
4 ("
: 0. - 03 =266 psy 0 -038 = 33.3 psy °
1:1me4g strain tine strain
(min) - { %) (min) ( €£)
H 0.1- 0.3B12 0.1 1.0857
0.5 0. 4414 0.5 1.292R
1.0 0. 4782 1.0 1.4964
2.0 0.5217 2.0 1.7286&
4.0  0.58R6 4.0  2.0571
7.0 0.6253 7.0 2.3821 « .
14,0 0. 7390 4.0 2.8785 o
22.0 0.8260 22.0 3.1571
30.0 0.5029 30.0 3.3214
0.0 1.1203 6040 3. 6464
. 125.0 1.3376 120.0 «9178
198, 0 1.4015 260.0 «267R
63040 1.9496 400.0 4.4303
750.0 2.0148 810.0 4.6857
1380.0 2.2573 1480.0 4.8392 8
1520.0 2.4078 2370.0 4.9392
2880.0 2.6048 2880.0 b, 9642
stress difference = 0
ﬁ . 0.0  2.6084
: 0.1 2.26%0
: 0.5  2.230
E 1.0 2.20
E 2.0  2.1753 .
' 4.0 201569 -~
T 7.0 2.1302 -
14.0 2.1001
22.0 2.0767
30.0 2.0650
40.0 2.0432
65.0 2.0165
195.0 1.9262

910.0 1.7724
1440.0 1.7155




= B16

03 = 60 psy T = 78°F | a

G.-f3 =33ps3 . J:-03 =10, 0. (03 = 366 psi
time strain time strain tie strain
(min) (%) (min) ( %) (min) (t)
0.1 0.0h69 0.1 0.1240 0.1 0.1864
0.5 0.0502, 0.5 0.1274 0.5 0.1948
ﬁ.o 0.0519 1.0 0.1290 1.0 0.2116
.0 0.0536 2.0 0.1307 2.0 0.2200
7.0 0.0553 4.0 0.1341 b.o 0.2318
14.0 0.0569 7+0 0.1391 7.0 0.2519
22.0 0.0603 14.0 0.1475 %y.o 0.2754
60.0 0.0652 26.0 0.1575% 2.0 0.2973
90.0 0.068 45.0 0.1 30,0 0.3208
150.0 0.0753 60.0 0.1709 60,0 0.379¢
410.0 0.0988 210.0 0.204 90.0 0.4249
1410.0 0.1373 5.0 0.22 125.0 0.4736
1830.0 0.1 1425.0 0.3117 185.0 0.5357
2880.0 0.1 1855.0 0.3385 305.0 0.644¢
2200.0 0.3503 390.0 0.7054
2835.0 0.3637 830.0 0.8901
1520.0 1.0497
1870.0 1.1000
‘ 22h0.0 1.1454
2950.0 1.2126

stress difference = 0

0.0 0.1440 0.0 0.3637 0.0 1.2126
0.1 0.1138 0.1 0.2480 0.1 1.0144
0.5 0.1105 0.5 0.2464 0.5 1.0110
1.0 0.1088 2.0 0.2447 1.0 1.0660
60.0 0.1055% &.0 0.2430 2.0 1.0010
1450.0 0.1038 7.0 0.2413 4.0 0.9909
1%.0 0.2380 7.0 0.9808
zp.o 0.236 1%4.0 0.9674
0.0 0.22 22.0 0.9606
120.0 0.2246 bs.o 0.5405
220.0  0.2212 60.0 0.9338
/ 680.0  0.2195 130.0 0.9170
1430.0 0.2078 405.0 0.8968
( ~. 705.0 0.8867
1350.0 0.8784




PP
o

O3 = 60 ps)

T = 78°F

B17

-

0. -063 «23.3psy _0.-0s = 30.0pst J1-F3 = 36.6 psi

-

(W

time
(min)

OCONONENEFENNHFOO

O O\ N

—
¢ ® & @ o & o o o ¢ o

[ ]

OCOCOONFNEFNHFHFOOO .
OO0 0O00O0O0OO0COoOOoOOWNnKHO

=
OMW AN OV N =

-

strain
t£)

0.3101
0.3507
0.8151
0.4558
0.5100
0.5676
0.6523
0.7167
0.7743
0.8709
0.9454
1.0674
1.1318
1.4012
1.5436
1.6655
1.8689
1.9265
1.9959
2.0197

time
(min)

0.1
0. N
1.8
2.0
4.0
7.0
14.0
22.0
0.0
5.0
60.0
80.0
170.0
280.0
$30.0
740.0
1410.0
1760.0
2240.0
2930.0

\

N -

¢ © o o ¢ 6 ¢ 0 0 o
(e JoNoNoNoeNoNalV § Ne

£
\V.}

*

o

O
(=
.

o

st;aln

(%)

0.4611
0.5196
0.5575
0.6228
0.7106
0.7846
0.9016
0. 9910
1.0564
1.1597
1.2526
1.3575
1.6036
1.8083
2.0509
2.1507
2.3623
2.4346
2.5051
2.5757

stress difference = 0

time
‘ (mlq)

MO ONFW V-

vl .
OO0OQOOWNONENIFNHOO

N
W
o XoNoNeNoNoNoNolasde NolNoNolVU N

* * * L L ] *® ® * * L L4 [ 4 L] . o

b=
~
o

680.0

e o e & © o ¢ &

OCNONEFNEFNFHOOO

N
ONBY ON W N
(o N

L d

430.0
800.0
1540.0

COO00O0O000O0C0COoOOWNHD

strain
( £)

0.7293
0.897¢€
1. 0049
1.2097
1.4146
1.5989
1.8286
1. 9688
2.0688
2.22%
2.3212
2.4685

2. 5947
2.8788

v 2

v -

o

A
\
*
3




P 4 —r—

, , " ‘ B18S
(’ Oy = 60 psy T = 68°F
~al LN .
g‘! - d.i o 6._6 m ¢ 6— - [ 6-; - 6-§ = 2000 w t
,- . —Q:-——L—-U—-L“l
tine - strain tirne strain / time strain
(min) ( %) (min) ( %) (min) ( %)
! 0.1 0.0831 0.1 0.1269 0.1 0.161¢
045 0.0879 ' 0.5 0.1439" 1.0 0.1779
1.0 0.0911 1.0 0.1519 4.0 0.1955
2.0 0.0926 2.0 0.1615 7.0 0.2100
4.0 0.0990 4.0 0.1662 14.0 0.3200
(,/ 7.0 0.1070 7.0 0.1760 22.0 0.3424 -
4.0 0.1150 14.0 0.1902 30.0 0.3636
22.0 0.1182 22.0 0.2046 5.0 0.3924
30.0 0.1247 30.0 0.2190 60.0 0.4200
5C.0 0.1327 60.0 0.2655 90.0 0.4700
1G60.0 0.1534 ° ‘ 230.0 0.4315 125.0 0.517¢C
~ 140.0 0.1662 400.0 0. 5350 260.0 T 0.6540
290.0 0.1950 800.0 0.6870 guo.o 0.8445
b?p.o 0.211 1490.0 0.8360 30.0 0.9770
1310.0 0.290 2220.0 0.9940 1360.0 1.0990
2100.0 043562 3040.0 1.0290 1980.0 1.1740
2640.0 0.3760 . 2300.0 1.2220
2860.0 +1.2680
N ?
) stress difference = 0
0.0 0.3760 * 0.0 1.0290 0.0 ).2680
Y0.] 0.3350 0.1 0.9665 0.1 - 1.1060
0.5 0.3285 0¢5 0.9440 0.5 1.0840
1.0 0.3252 1.0 0.9345 1.0 1.0710
2.0 0.3237 2.0 0.9280 2.0 1.0590 W
6.0 0.3220 4.0 0.9215 4.0, 1.C520
14,0 0.3174 7.0 0.9185 7.0 1. 0400
22.0 0.3110 14.0 0.9140 20.0 1.0200
30.0 0.3061 22.0 0.9085 ao.o 1.0130 !
60.0 0.3045 30.0 0.9030 8.0 1.0020 ,
120.0 0.3013 S¢0 0.8895 " 60.0 0.9985
260.0 0.3000 60.0 0.8860 210.0 0.9660
»~ / ‘13800 008800 88000 00 922
«0 0.8755" 1500.0 - 0.910
730.0 0.8670

PR



' BEEY |
’

( : 0O = €0 psi T = 68°® :
, .
G -0s =26.6pgy 01-08 =33.3psy _ G - @3 = 40.0%s1
time strain . time strain tinme strain s
(min) (%) © (min) (3 (min) (%)
0.1 0.2290 0.1 0.5890 0.1 O.9445
0.5 0.2818 0.5 0.6790 0.5 ° 1.1560
1.0 0.3537 1.0 0.7485 1.0 ; 1.2700
2.0 o.azga 2.0 0.8155 2.0 1.3900
| 4.0 0. 0 4.0 0.8955 4,0 1.5340
| 7.0 0.4810 7.0 0.9660 7.0 1.6710
14.0 0.5330 15.0 1.1225 14.0 1.8990
/ 22.0 0.2? 5 22, 1.2130 22.0 2.0800
3000 0, 120 O« l- 050 20-0 2.2190
5.0 0.6745 5.0 1.4210 5.0 2.4120
60.0 0.7230 . 60.0 1. 5005 60.0 / 2.5350"
760.0 1.4630 80.0 2.1510 210.0 3.1000
1410.0 1.6680 T420.0 2.1920. L00.0 3.3450
2040.0 1.7960 900.0 2.4260 460.0 3.4000
2370.0 1.8410 1450.0 2.5600 1480.0 3.7500
3080.0 1.9130 1910.0 2.6260 2110.0 3.8500
2340.0 2.6750 . 2B40D.O 3.5240
2880.0 2.7180
¥
, stress difference = 0O
0.0 1.9130 0.0 2.7180 0.0 3.9240
0.1 1.6590 0.1 2.3880 0.1 3.3220
: 0.5 1.6320 0.5 2.3190 0.5 3.2350
F 1.0 1.6140 1.0 2.2900 1.0 3.1G10
2.0 1.5930 2.0 2.2450 2.0 3.1300
} 4.0 1.5760 4.0 2.2080 4.0 3.0780
: 7.0 1.5570 7.0 2.1640 7.0 3.0400
14.0 1.5310 14,0 2.1360 14.0 2.9650
220 1.5190 22.0 2.1210 22.0 2.9400
E0.0 1.5090 30.0 2.1080 80.0 2.9210
5.0 1.4930 < 5.0 2.0B50 5.0 2.9030
60.0 1.4850 . 60.0 2.0740 60}0 2.8620
B85.0 1.4720 140.0 2.0180 120.0 2.825C
210.0 1.4340 300.0 1.9850 420.0 2.7600
620.0 1.3840 0.0 1.9500 7240.0° 2.7300
1160.0 1.3665 66.0 b S 0 1440.0 2.6920

% 1620.0 1.8970 .




¥
Cs = 120 psi

G?"O':s -lioi n!’; O_t"'d_l pm O"\“O‘s ‘QQ;Qm

time
(min)

[ § 9 L] L J

')

N
O+-N
OOCOO0OO0COOONEFNENMOO

* L 4 * * ® . [ )

\&ww
O\2~J MO N NI N
.
0000000 TOOODOOWNM

N

QOoOOownKHO

strain
(%)

0.0490
0.0735
0.0980
0.1078
0.1290
01470
0.1699
0.1748
0.1846
0.1899
0.2140
0.2516
0.2532
0.2761
0.315

0.372

043724
o.3u63
0.341

0.3120
0.3104
0.3071

L

T = 98°%p

time
(min)

ODONFIEFNNHOO
> RoJeRoXoRoNoRalV. ¥ 4

L) L J > @ L J [ 4 L J -

oD N =

stress difference = 0

CONENLENVHOOO
® o ¢ & 06 06 ¢ 06 6 06 0 0 @

COO0QOO0COOOOOWrHrD

')
ON
‘08 N N
o

atrsln
(s )

" 0.0623

0.0885%
0.1016
0.1081
0.1245
041393
0.1573
0.1737
0.1884
0.2392

0.2769.

0.3293
0.3785
0.klo8
0. 534
0.637
0.7046

P

B20

time
,(nln)

COONFNEFNHOO

[ ] L * [ ] . o o L ] * [ 4 L ]

=t
N OIS N
0000000000000 OOOWNK

20.

strain

(%)

0.1666
0.1929
0.2192
0.2555
0.2900
0.3180
0.3772
0.4135
0.4530
0.5730
0.7200
0.7805
0.9440
1.0300
1.1220
1.2840
1.3800
1.4060
1.4610
1.5220

1.5220
1.3710
1.3380
1.3280
1.3060
1.2920
1.2800
1.26M
1.2570
1.2660
1.2330
1.2050

1.1890 ¢

1.1640
1.1480

1 LA AT

st v, ail e WP

i



N

Cs = 120 psi

B21
T = 98°p

C:-03 = 3.3 pai -0 = 66.6 psl ‘ 0 -03 =80.0psi

time
(min)

0.1
0¢5

)
L J

2880.0

4

[w
N OWI N

W
(s
COOOONEINEFENFOO

@
o

COOCOO0ITOCOO0OOHO

E

atrain
(%)

0.2705
0.3500
0.3770
N
0.4735
0.5300
0.6100
0.6735
0.7265
0.8765
1.0460
1.1690
1.4640
1.5530
1.7410
1.8650
1.9280
2.0940

2.0940
1 8310

1. ?120

1. 6835
1.6530
1.6350
1.6135
1.5980
1.560%
1.5320
1.5000
1.4700
1.4640

time
(min)

. 8.1
5
2 9

4.

N
(o N e

?.0'

14.
22.0
30.0
60.0
90.0
490.0
680.0
800.0
1520.0
2260.0
2870.0

o

streas difference = 0

NENEFENROOO
® o o 0 0 ¢ o o o

(ofefoNoRoNalV ¥ oo

0.0

$10.0
. 1230.0

. 2.0680

strain tine strain
( ) (min) ( ¢)

L ] * L] L
QO O O)
[# AV} O.V!V! \

HEFHMMOOOO0OO
Ll
FWRNOWD®~I O

2.6100
2.7600
2.8520
2.9080

2.9080
2.4980
2.4320
2. 3990
2.3720
2.3390
2.3050
2.2650
2.2410
2.2280
2.1940
2.1720
2.1150
2.0880

2.0220




tine
(min)

OO NV
COONEFIENOO

QOO0ONDOODOOWnK

QOO OWnKD

‘fi = 120 psi

6!"6‘3 = 13.3 psi

0.6157
0.5404
0.5371
0.5338
0. 5240
0. 5224
0.5175

T a 88°F

O~ g.L = 26.6 psi

time
(min)

® o o 0 o 0 0 o
DOOONDOWnH

ONENE+HOD

oND V-

strain

(%)

0.2232
0.8527
0.2658
0.2790,
0.2987
0.315
0.3643
0.3807 .
0.4726
0.6170
0.6925
0.7975

stress difference = (

¢

OCOO0OO0OOOWNnHO

B22

O-l - c-i = '40. OJﬂ

tine

(mtad

')
o @ o o ¢ 06 o o
OO0OO0O0O0O0OOWnNOWNKH

N
QOQONFNVNFNVHOO

-
N
o
L J

60.0
00.0
1420, 0
2030.0
2880.0

) PN et
e ¢ o o o ¢ o o o

O
OONFVFNHOOD
000000000 WnKHDO

v
o
[ ]

1440.0

strain
( €)

0. 2485
8.29@3
0. 4080
0. 4644
0. 51CR
C. 5804
0.4401
0.€965
0.8342
1.0114
1.3317
1.5290
1.6650
1. 7444
1.8640

. 1.8640
1.68u40
1.6%51R
1.€473
1.€2R6
1.6020
1.5637
1.5755
1.5622
1.5473
1.5357
1.4952
1.4859

N

t
<
%
3
/ |
§
{
L
i

§



g - 823
% Q Os = 120 Pt T= 88’y
E G.'-G-s = 53.3m d.‘- 6-' e &06 m d—"m = QQ.O 2§;
¢ time strain time aﬁ&zin tine strain
(min) ( €£) (min) (%£) (min) (%)
6.1 0.3165% 0.1 0.7162 0.1 1.083¢
0.5 0.4175% 0.5 0.8062 , 0.5 1.7074
1.0 0.4848 1.0 0.96%1 1.0 l.9470
2.0 0.5421 2.0 1.1218 2.0 2.290094
- 4.0 0.6128 4.0 1.2864 4.0 3. 0218
7.0 0.7020 7.0 1.4305 7.0 3.5857
14.0 0.8047 14.0 1.59%52 . 14.0 «R852
22.0 0.8787 22.0 1.7 22.0 «1812
20.0 0.9427 30.0 1.8473 30.0 4.3010C
0.0 1.1481 60.0 2.0600 60.0 4. 5548
90.0 1.2323 135.0 2.3087 90.0 4.718¢
170.0 1.4326 260.0 2.6012 185.0 e 954
{20.0 1.6935 635.0 2.9502 §50.0 51997
600.0 1.7911 1535.0 3.2658 11650 5.4781
790.0 1.858 2335.0 3. 4967 1685.0 5+ 5908
1390.0 2.013 2880.0 3.6981 1910.0 5.8507
P 1710.0 2.1110 2530, 0 5.7706
2880.0 2.4005
stress difference = 0
\
0.0 2.4005 0.0 3.6981 0.0 5.7706
0.1 2.0908 0.1 3.1458 0.1 L,7838
0.5. 2.0504 0.5 3.0772 0.5 4.€164
1.0 2.0184 1.0 3.0429 1.0 4. 5830
2.0 1.9898 2.0 3.0154 2.0 b, 5283
4.0 1.9628 4.0 2.9742 4.0 4.4700
- 7.0 1.9325 7.0 2.9399 7.0  4.4332
14.0 1.9006 14.0 2.9125 1.0 4.3839
22.0 1.8753 22.0 2.8765 22.0  W.3504
30.0 1.8686 30.0 2.8610 30.0 L.3257
L, 90.0 1.8164 580.0 2.7050 90.0 4.2517
240.0 1. 7794 720.0 2.6758 280.0  4.1883
&g.o 1. 7440 1440.0  2.6535 570.0 4.1460
1 .0 1.7204 ‘




B ..-......i e e e B - ‘S

M

B24
9

Os = 120 ps) T= 78°p

G.\"G;L- . S Gl'd-‘ -géo6 psi m‘-O—S~-uOoO psi
( strain

time time strain timé -+~ strain
(min) (€) (min) ( €) (min) -~ (%)
0.1 0.0875 0.1 0.1773 ¥ 0.1 0.2575
0.5 0.1069 0.5 0.2066 0.5 0.3165
1.0 0.1231 1.0 0.2245 1.0 0.3542
2.0 0.1345 2.0 0.2275 ®2.0 0.3R37
4.0 0.1523 .o 0.2931 4.0 0.42R0
7.0 0.168% 7.0 0.2 7.0 0.4&41
14.0 6.1782 14.0 0..3172 14.0 0.52¢4
30.0  0.2057 20-0 d%ua 30.0  0.A24¢
180.0 0.2624 140.0 0. 5026 170.0 0.6823
390.0 0.3078 250.0 0. 5835 zuo.o 1.16Q2
560.0 0.3324 650.0 0.7303 70.0 1.2512
850.0 0.3467 1470.0 0.8832 780.0 1.3939
1530.0 0.3888 2090.0 0.9613 1380.0 1.5267
3030.0 o.L828 2880.0 1.0329 2110.0 1.6169
3180.0 0.4957 2880.0 1.7875
stress difference = 0

0.0 0.4957 0.0 1.0329 0.0 1.7875
0.1 0.4326 0.1 0.9385 01. 1.6727
0.5 0.4303 0.5 0.9158 0.5 1.6087
1.0 0.4277 1.0 0.9028 1.0  1.577€
2.0 0.4261 2.0 0.B946 2.0 1.5612
4.0 0.4245 4.0 0.8881 4.0 1.5382
7.0 0.4180 7.0 0.8800 7.0 1.5284
14.0 O.4115 14.0 0.8735 14.0 1.5185
30.0 0.4115% 30.0 0.8637 30.0 1.04907
60.0 0.4083 60.0 0.8523 60.0 1.4612
90.0 0.4066 120.0 0.847 90.0 1.4464
1090'P 0.4018 190.0 0.83 1440.0 1.4103

360.0 0.8214

670.0 0.8052

1480.0 0.8100

h-




BR25
(f) Os = 120 pst T = 78°F
- * \

U’ - 6-5 = 5303 _m 6-‘ - 6-, = 66o6m o—l - 6-‘ = 80-0 pSl

time strain time straln time strain

(min) (%) (min) { ) (min) ( »)

Q.1 0.3992 0.1 0.60%6 0.1 0.2F7F

0.5 0.5389 0.5 0.7619 0.5 1.40M0

) _ 1.0 0.5%05 1.0 0.9177 1.0 1.6383

! -840 0.6587 2.0 1.0633 2.0 1. 0647

' 40 0.7y 4.0 1.1819 4.0 2.3262

30.0 - 1.1011 14:0 1.471 14.0 2.8632

; 5.0 1.1976 22.0 1.5950 22.0 3.0500

7000 103390 \ “500 1.813& ll»S.O 3. 3“0(\

\ 4 160.0 1.7765 60.0 1.9133 60,0 3, Lyl

420.0 1.8046 120.0 2.1538 110.0 36520

©A R ?8500 200626 185.0 203180 ' 250.0 3. Q21°

1390.0 2.2089 620.0 2.6837 390.,0 L.039¢

2065.0 2.3121 1370.0 2.9157 B0O0O.0O 4.2229

2880.0 2.3952 2880.0 3.1598 1470.0 L.3856

- ‘ - 2360.0 4.5101

\ © 2880.0 L.s759

stress difference = 0

0.0 2.%952 0.0 3.1595 0.0 4.5756G

“0.1 2.1457 0.1 2.6549 0.1 3.8147

0.5 2.0659 0.5 2.5330 0.5 3.7200¢

1l.C 2.0276 l.0 2.5025 1.0 3.63R2

2.0 2.0060 2.0 20“’382 2.0 3-5595

4.0 1.9727 4.0 2.3976 4.0 3. 5206

7.0 1.9561 7.0 2.3688 7.0 3.4721

14.0 1.9195 14.0 2.3332 14.0 3.4P8¢

0.0 . 1.8796 30.0 2.2824 30.C 3.3€E3

1440.0 ‘1.7632 60.0 2.2469 60.0 3. 3164

185.0 2.1758 130.0 3.261]

890.0 2.1284 210.0 3.217¢F

1440.0 2.1267 660.0 J. 1434

3

«1162




¢ B26

C: Os = 120 psi T = 78°P Gs= 120 pst T = 6ROF
2 y \
@ 0 -03 =93.3p83 _ 0 -0s =313.3ps3 0 -03 = 26.6 psy
time strain time atrain time \strain X
(min) (%) (min) (I% ) {min) ( £) 3
0.1 1.3839 0.1 0.0262 0.1 0.1280
/ , 0.5 1.7053 0.5 0.029 1.0 0.1330
1.0 2.1339 1.0 0.042 2.0 0.1510
2.0 2.5518 2.0 0.0655 4.0 0.1822
4.0 2.9375 4.0 0.075 7.0 0.2336
7.0 3.2518 ‘7.0 0.096 14.0 0.2101
14.0 2.2286 14.0 0.1146 Zo.o 0.2561
20.0 « 9910 0.0 0.1473 5.0 0.2692
0.0 .2821 5.0 0.1539 _ 60.0 C.2880Q
95.0 ¥. 4410 90.0 0.1686 120.0 0. 3382
180.0 4.6053 195.0 0.1899 270.0 0.4252
330.0 4.7803 360.0 0.2357 380.0 0.4596
€90.0 4.9785% 5R5.0 0.2799 840.0 . 0.57u6
1245.0 5.1517 . 840.0 0.2930 1470.0 0.6566
2050.0 5.2946 1410.0 0.3208 1700.0 0.7125
2880.0 5.4285 2160.0 0.3470 2940.0 0.7551
: 2865.0 0.3683
stress difference = 0 ’
0.0 5.4285 0.0 0.3683 0.0 0.7551
0.1 b.3393 0.1 0.3257 0.1 0.6731
0.5 4.15428 0.5 0.32l 0.5 0.6698
1.0 4.0750 1.0 0.3143 1.0 0.6583
2.0 4.0143 2.0 0.3037 2.0 0.6566
4.0 3.9535 4.0 0.3012 60.0 0.6337
7.0 3.8982 7.0 0.2995 315.0 0.6238
14.0 3.8393 1440.0 0.2946 5.0 0.6107
30.0 3.7893 14%0.0 0.6025
€0.0 3.7357
, 80,0 ' 3.70%3
620.0 3.589
> 14%40.0 3.571

N k4 v
- %‘_r“ é d’ﬁ‘i*{““ .»‘, ° - ‘-b‘«é.“’ “" Y
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SRS R
3 B27
C; 3 =120psy T= 68°P
J:-0s =50.0pgs 0:-03 =$33ps1 T:-08 =66.6ps1

time: strain tine strain > time strain
. (min) (%) (min) (%) (min) ( £)
Ool ‘ 001'2’22 : Qol — 00 9“9” Obl 0.165'?1
0.5 0.1387 0.5 0.4116 0.5 /0. 5688
1.0 0.1570 1.0 0.4200 1.0 - 0.5027
2.0 0.1602 2.0 00“752 2.0 ; 00704
5.0 0.1949 4.0 0.4986 4.¢ / 0.8007
: 7.0 0.2180 7.0 0. 5287 7.CY/ Q.00 C
15.0 0.2659 14.0 0.5722 14.0 % 1.07327
20.0 0.3468 30.0 0.6358 30.0 ! - ).22¢0
0.c  0.h624 60.0  0.7260 60.0 b-—yry32
120.0 0.6507 90.0 0.8065 245.0 1.8182
300.0 0.9249 215.0 1.0006 640.C 2.150¢C
660.0/ 1.2387 330.0 1.1277 1550.0 2.4blig
1875.0 1. 1670.0 1.6347 2860.0 2.6172

2880.0 1.52 2900.0 1.7602 ./

. - ' Q

stress difference = 0
i?' 0.C 10&2““" 0.0 107602 0.0 206172
\ 0.1 1.4038 0.1 1.4657 0.1 2.3531
‘ 0.5 1.3939 0.5 1.4390 0.5 2.2549
1.0 1.3906 1.0 1.4289 1.0 2.2329
2.0 1.3774 2.0 1.3821 2.0 2.216C
L.o 1.3642 4.0 1.3620 4.0 2.1805
7.0 1.9444 7.0 1.3453 7.0 2.1584
! 15.0 1.3245 15.0 1.315 14.0 2,1178
a 30.0 1.3229 30.0 1.2817 30.0 2.0721
,3 60.0 1.3146 60.,0 1.2516 60.0 2.0281
g 90.0 1.3113 820.0 1.1645 200.0 1.9807
| s10.0  1.2932 1440.0  1.1645 0.0  1.9570

L% '

‘ {
.
.
v

5

.

#
»




L anaF

e AL ¥

I G g et~ comgep, ¥~

\ 03 = 120 psi

O-| —J‘ = 73.3 E_i.
time strain
(min) (%)

2 0.1  0.6111
0.5 0.7941
1.0 0.8459
2.0 0.9322
4.0 +1.0150

N 7.0 1.0806
15.0 1.1808
30.0  1.2843
60.0 1.6468
80.0 1.7815
180.0 2.1406
410.0 2.5100
750.0  2.7137
1390.0  2.B621
2080.0 2.9036
2830.0 2.9519

.0 O\

@
)
COO0OO0OOO0ONVIENKHOO
L]
[eJoNeololNeoRoNoNoNoNoNol Ne

- —
N GO\
=\ 0

stress difference = 0

2.9519
2.3322
2.2372
2.2044
2.1561
2.1336
2.1216
2.0784
2.0473
2.0335
2.0111
1.9800
1.9489
1.9282

g .-03

T = 68°F

time
(min)

00000000000 OWnH

-t
OO0 FEFNINEFENNHOO

NN OO
e ¢ 2 o o o o0 o @

=
™ £ W
W 0
00O

L J

2130.0
2760.0

* L J L3

QOO FVNFNOOO

N =
SSHO\\JH
s o
O00000OO0OO0ODOOOWNHO

3

strain

(%)

0.7674
0.9927
1.2321
1.4081
1. 5841
1.6968
1.8341
1.9890
2.1474
2.3B68
2.7846
3.0662
3.2492
3.2985
3.2302
3. 4041

ar

P

ot B AME hnigent A WRE P S
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N | B29
(; Os = 240 pst T = 9°F
Or-03 =13.3psy _0:-C6s =26.6psy J:.-03 =4%.0 pst
time strain time straln time strain
(min) (£) (rin) (%) (min) { =)
0.1 0.033 0.1 0.0436 0.1 0.0555
0.5 0.0468 0.5 0.0620 C.5 0.070¢
‘ 1.0 0.0569 1.0 0.0771 1.0 0.0807
2.0 0.0702 2.0 0.0805 ‘2.0 0.0801
4.0 0.0736 4.0 0.0838 4.0 0.112%
7.0 0.0752 7.0 0.0939 7.0 0.1311
14.0 0.0803 14.0 0.0989 14.0 0.1395
30.0 0.0870 »'30.0 0.112 30.0 0.174F
60.0 0.0970 60.0 0.132 60.0 0.1967
120.0 0.1204 120.0 0.1475 120.0 0.2404
310.0 0.1438 220.0 0.1710 160.0 0.2471
580.0 0.1605 340.0 0.1827 320.0 0.2841
1270.0 0.1956 740. 0.2078 680.0 C.3563
2130.0 0.2174 1300.0 0.2447 1220.0 0.4269
2900.0 0.2525 2270.0' 0.2900 2020.0 0.4891
» 2850.0 0.3235 2880.0 0. 5496
stress difference = 0
0.0 0.2525 0.0 0.3235 0.0 0. 54G€
0.1 0.2475 0.1 0.3218 0.1 0.5104
0.5 0.2425 0.5 0.3034 0.5 0.4790
2.0 0.2408 1.0 0.2967 1.0 0. 4600
1440.0 0.2408 2.0 0.2917 2.0 O.ludisy
1i4.0 0.2900 4.0 C.lL269
30.0 0.2866 7.0 0.l4152
60.0 0.2816 14.0 0.3933
" 1440.0 0.2766 33.0 0.3647
60.0 0.3513
. 150.0 0.3278
360.0 0.3244
830.0 0.3227
1480.0 0.3160

N L

“ry -
Y A °%)




O3 = 240 psi T=20

0.-0s $3.3psy O -03 = 66.6 psi
time straln time strain
(ein) (%) (rin) A 5)
C.1 0.1163 .1 0.1389
0.5 0.1298 0.5 0.1558
1.0 C.1433 1.0 0.1626
3.0 0.1770 2.0 0.1897
7.0 0.2125 4.0 0.2066
14.0 0.2377 7.0 0.2337
30.0 0.2698 14.0 0.2642
€0.0 0.3018 30.0 0.13031
120.0 0. 357 60.0 0.3483
180.0 0.3861 90.0 0.3760C
600.0 0.4536 %490.0 0.5521
1320.0 0.5531 800.0 0.608
1790.0 0.5902 1520.0 0.694
2260.9 0.6374 2260.0 0.7909
2810.0 0.6947 2870.0 0.8569
stress difference =
. 0.0 0.6947 | 0.0 0.R569
0.1 0.5885 0.1 0.7790
1.0 0.5699 0.5 0.7384
2.0 0. 5547 1.0 0.72%
4.0 0.5413 2.0 0.7096
7.0 0.5295 4.0 0.6906
14.0 0.5109 7.0 0.668
22.0 0. 1 14.0 0.645
/ 30.0 0.4890 22.0 0.6232
60.0 0.4755 30.0 0.6097
120.0 0.4687 60.0 0.5826
380.0 0.4620 120.0 0. 5690
1440.0 0.4317 510.0 0.5301
. 1230.0 0. 5081

0

e n e e s ————————

——————— .

B30

" 0.~-03 = 80.0 pei

time
(min)

\

. . L] [ ] L]

DO FNVNFNNHO
.

QOO ODOOODOW

L
~J O N OV
(o~ N

.

810.0

2

233050
2870.0

o N O -
COO0OOWVNENHFOO

g

gﬁihﬂ‘

Ogi [

OO0 OODOOMND

strain
( £

JR3
egL

1.208%
1.0518
1.0043
6.5$821
0.9566
¢.9311
0.8936
0.8613
0.8255
0.8051
0.7898
0% 7864
0.7830




3= 240 psi| T = 98°F

7ﬁ0‘. “@ ‘& §6:7:p_§1

[

- . time
(min)

-

oOnMounN FNVOO

W
WO W
oS00
[ ]
e RoRo XYoo NoRoNo R -1 XY)

*

1230.0C
2050.0
2880.0

OCCOODODDODO0OWNMEHO

s 0 6 ¢ s o

L0 O
COOOFNFNHFHDOO

n

strain
(\3)

0.2951
o.g 62
0.6323
0. 5009
0. 5524
0.62€7
0.7051
0.7634
0.90

\
time

(min)

0.1
0.5
1.0
14.
22.0
60.0
130.0
1440.0

o

. 2880.0
0.9847 .

1.0997 -

1.228)3
1.4016
1.5371
1.6881

1.6881
1.4239
1.3621
1.3450
1.3158
1.2832
1.2626
1.2215
1.173h
1.1237
1.1014
1.0808

]

strain

(%)

0.0299
0.0332
0. 0431
0. 0438
0.0531
0.0564
0.0631
0.0664
0.0730

stress difference

~NH=HOOO0O
® & & o =

oowunkHoO

0.0730
0.0631
0.0614
0.0614
0.0€14

O = 240 psi Iy

0.-0s = 13.3 psi __Q—v"d.i

E31

ealx

2\(3."‘ le
tive strair
(min) ( )

0.1 0.3 .
005 I:\.f"". L
1.C 0.C77,
2.5 0.2C007
L.O C.COER
7.C C.1725G
14.€C 0.112
30.0 Cal2%¢
€0.0 0.1232°
120.0 0.142%
360.0 C.1594
P00.0 C.1844
1420.0 0.1C¢
1350.0 0.2C0S
2R80.0 C.22h2
=
0.C N, 2252
001 Col?i;‘}
0.5 C.1RZ¢
1.0 0.17¢3
4.C C.17:C
14.0 Cel743
2200 0-1("“‘
60.0 0.1EE6C
1060.0 0.15¢4




L’.}v\.
e e a r—— e v R v+ st
.

§ \

. . . \ 832

(; '\ 3 O3 = 240/ps1 7= 2a%

O -0s - 40.0 psi 0‘0-0’3 = 53.3 psi 0i-0s = 66.0 £l

h v A
. =

time strain time strain time strain

(min) ( =) (rin) { %) + (min) ()

0.1 0.0665 0.1 0.10L40 0.1 0.1608

. 0.5 0.0765 0.5 0.1100 0.5 C.1043%
' 1.0 0.0865 1.0 0l1ks0 1.0 C.2241
2.0 0.0898 2.0 0.1634 2.0 C.2a70C

h.o 0.1031 L.,o 0.1950 4.0 0.301h

7.0 ' 0.1130 7.0 0.2117 7.0 0.3333

14.0  0.1300 14.0  0.2367 14.0 0.381%

3000(. 001“9? 3000 002800 3000 C.hf‘f‘f

-60.0"  0.1630 60.0 03234 £0.0 C.525.°

90.0 0.1829 135.0 0.3734 §C.0 C.573.

. 170.0 0.2095 260.0 0.4217 185.0 0.6L7"
420.0 0.2395 635.0 0.5000 550.0 Q.P23 -

790.0 0.2794 1535.0 0.6017 1165.0 , 0.0717

1390.0 0.3110 2335.0 0.6567 1680.0 /'  1.04P3

1710.0 0.3293 - 2880.0 0.7001 . 2530.0 1.1353

2880.0 0.3925% 2880.0 1.175¢

! stress difference = 0

,n45201 .

0.0 0.392% 0.0 0.0 1.1755
0.1 0.3127 0.1 0.6067 0.1 1.0248
0.5 0.3060 0.5 0.5967 0.5 1.0047
1.0 0.3010 1.0 0.5867 1.0 0.9913
2.0 0.2910 2.0 0.5817 2.0 . 0.9775
L.o 0.2860 k.o 0.5701 k.o 0.957F
7.0 0.2794 7.0 0. 5584 7.0 0.9411
30.0 0.2628 .30.0 0.5150 , 30.0 0.R925
60.0 0.2495 60.0 0.5017 60.0 0.8724
1230.0  0.2262 720.0  0.4634 260.0  0.844c
1440.0  0.2262 1440.0  0.4634 570.0 0.8280
‘ 1440.0 0.8239

f




e i L

qs = 240 psi T = 88°P O3 = 24C pst T = 20
01 -0s =80.0ps1 _0:.-0s 93.3pst 0 =03 =13.5 -1
tire strain tine strain time strai=
(rin) (%) (min) ( +) (min) ( )
0-1 0-3715 001 003660 0.1 C-C‘lﬁt‘?
1.0 0.4863 1.0 0.65€R 0.5 0.021"
2.0 0.5471 2.0 0.7320 1.0 C.0202
h.o 0.621b4 4.0 0.8210 2.0 0.038%7
7.0 0.6957 7.0 0.8928 bh.0o 0.0L50
14.0 0.7733 14.0 0.9817 7#0 o.Cer 7
22.0 0-83“1 3000 101015 1‘400 e r32
60.0 0.9962 £0.0 1.217° 30.0  0.07)
130.0 1.151€ 05,0 1.3101 60.0 0.0«
320.0 1.3441 240.0 1.4264 120.0  0.1200
905.0 1.5669 990.0 1.7685 380.0 0.1517
1680.0 1.7054 1670.0 1.8617 B4L0.0  0.200C
2465.0 1.7898 2230.0 1.9464L 1810.0,,;, 0.2401
2880.0 1.8371 3050.0 2.0114 "2B65.0°7  0.28¢7
stress difference =
, 0.0 1.8371 0.0 2.0114 0.0 0.2867
\\_‘ 0.1 1.5872 0.1 1.7001 0.1 0.2617
1.0 1.5433 1.0 1.6317 0.5 0.25R4
2.0 1.5180 2.0 1.6077 1.0  0.2534
4.o 1.4960 4.0 1.5804 2.0  0.2L67
7.0 1.4724 47.0 1.5462 7.0  0.24RUu
14.0 1.4487 4.0 1.5154 1440.0  0.2484
30.0 1.4099 30.0 1.4692
60.0 1.3812 70.0 1.4316
140.0 1.3542 145.0 1.4059
230.0 1.3339 350.0 1.3666 g
480.0 1.3069 760.0 1.3101
800.0 1.2951 1480.0 1.3101
1300.0 1.2799

.—

. P ]

-



= 40.0 psi _Q.c; ﬁ =_9%3.2 psi

A '
Os = 240 psi T = °F

0 -06s =266 psy 0.-06s
time strain time " strain
(min) (7)) (rin) ( +)
0.1 0.0234 0.1 0.0620
0.5 010301 0.5  0,0687
1.0 0.0384L 1.0 0.0687
2.0 0.0468 2.0 0.0787
4.0 0.0501 5.0 0.0905
7t0 0.0568 7.0 0.0955
pUNG 0.0852 15.0 0.1139
30.0 0.0953 30.0 0.1391
60.0 0.1120 £0.0 0.165%9
195.0 0.1521 . 120.0 0.2027
360.0 0.1822 300.0 0.2798
1700.C 0.2841 1440.0 0.4792
2ﬁuo.o 0.3259 2870.0 0. 5562

/
stress difference = O
Y :

0.0 0.3259 0.0 0.5562
0.1  0.2781 0.1  0.4976
0.5 0.2707 0.5 0.4909
1.0 0.2657 1.0 0.4875
2.0 0.2640 2.0 0.4842
4.0 0.2590 L.0 0.4741
7.0 0.2574 / 7.0 0.45S74
315.0 0.2540 30.0 0.L435k0
585.0 0.2524 60.0 0.4423
1440.0 0.2507 90.0 0.4339
) 410.0 0-"}239
1440.0 0.4239

B34

)

|

i

time
(min)

COFNFNHOO
SOo0bODODDDNM

T\ -4

strain

¢ )

0.111C
0.117¢
0.13EnN
0.14173
0.14F1
0.1615%
N.18€=
0.22¢5
C.2€62¢8
0.2827
0.3309¢
0.37C0
0.4677
0.5973
0.61Q2
0.668¢C

L] L] [ ] L ]
[0V AV, AV W Ne]
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ODODOODO0ODD200000
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B35

0 s = 240 psi T = 6rCF

0. - 03 = 66.6 psi 06— 03 = 80.0 psi 0,-03 = 93.73 psi

time str time strain time strain
(min) ( ) (min) ( 7)) (min) ¢ =)
0.1° 0.1538 0.1 0.2427 0.1 0.3271
0.5, 0.1842 e 0.5 0.2769 0.5 cob02°
\‘; 1-0 002011 100 0.30“2 B 1.0 (“.1&3\‘-(‘
ﬂZOO 0-221“} 200 0-338u a.(‘ (".1#9?" .
‘#.O 002519 lhO 003692 1&.0 (‘$1C'2
7.0 0.2721 700 0.2999 ?7.C C. _')f“",‘
14.0 0-3093 1500 O-bSlZ 14. 0 061G
30-0 0036 3 3000 005093 3000 Y 00605(
60.0 0.4242 60.0 0.5913 60.0 0.771 "
245.0 0.6400 80.0 0.6238 120.0 0.083C
640.0 0.7334 180.0 0.7281 320.0 1.05C1
1550.0 0.9109 410.0 0.8614 690.0 1.1G69%
2150.0 0.9768 750.0 0.963%0 1440.0 1.3565
2860.0 1.0524 1390.0 1.0887 1830C.C 1.&979
2080.0 1.1604 2130.0 1.4375
2830.0 l.2271 2760.0 1.4925
stress difference = O
*
0.0 1.0524 0.0 1.2271 0.0 1.402¢
0.1 0.9193 0.1 1.0323 0.1 1.2051
0.5 0.9024 1.0 0.9912 0.5 1.1723
1.0 048821 2.0 0.9673 1.0 1.1500
2.0 0.8754 4.0 0.9519 2.0 1.1100
4.0 0.8602 7.0 0.9366 4.0 - 1.08RC
7.0 0.8517 15,0 0.9143 7.0 1.0777
14.0 0.8348 30.0 0.8887 14.0 1.0587
30.0  0.8078 60.0  0.8579 [ 30.0  1.029%
60.0 0.7875 125.0 0.8323 60.0 1.0073¢
200.0 0.7672 / 180.0 0.8169 110.¢C 0.67€1
1440.0 0.7452 830.0 0.7417 360.0  0.9090
. 1510.0 0.7246 $90.C 0.878¢

1400.0 0.8401

s ~elindieinbiiebiiteieg = v n .
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Unconfined Compressive Streng{h (ps1)
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k . " Final Water Content (%)
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temp £8 F 78 F ’8 98 F average
30 psi 36.98  38.60 38.30 38.85 + 3f£.93 .
40 psi 33.40  33.90 34.00 33.13 33.€1
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retarded strain (°%)
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Tahle P=da: Component of Axlal Strain due

to An;sotz@gﬁc Consolidation
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Tathle B=-Lh: Component nf Axial Strain dune
to Anlisotropic Consonlidation
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57.9 3.1957 0,79 N.223% ?2.7357 71
69.6 L,v75. 1,04 N,y WJRRI6 L
81.2 5,287 0,54 1628 §,27¢7 2.7
g 6R 14.8 0,758 0.Lh r.1724s 0.2438 33,8
29.6 0.7521 0,21 (.0F79  0,6R7? 9,0
59.2 1,740 0,63 f.1783 1.5819 10,1
4.0 2.0177 0,99 f.2802 2.3371 0 10,7
Rl.L 2.°519 0.75% 0.2123 2.739¢ 7.2 .
3.043 0,87 N.2h62 3.1870 7.7
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K , Table B-4ss Component of Axisl Strain Adue
gotropie Consolldation

L
. | \
. . ‘,@,
it '
ntrese
S Ts T level Ee. ‘5 Ee-s8; .&/Lc
4 !p'{’ , l ', l!, zw; Zc.c, z!’
k0 98~ f0.4  0.7525 0.79 ~ 0.2242 0.0300 87.¢
“ 20,8 0.3235 o u; 0.1204 0.2000 137.2
- ’ 1.3 0, 549/, 0.1486 0.40LO 26,5
‘ ’ 1.6 0.,694%F o u 0'2332 0.4595 33,7
gz.e 0,867 0,66 . 0.6721 21.¢
2,5% 1,2085 0,21 0.0688 11,1497 4.4
75, % 1.6881 , 0,41 0.1148 1.8733  6,% -

88 10,2  0,0730, 0.36  0.,1008 - .
20,3  0.22Lk2" Q.14  0,0392 0.18%50 17,5

0.5 0.3925 08.27 0.0756 0.3169 19.3
2

047 0.7001 , 0.18 &o0.0504 0.6L97 7,
, 50,8 1.17557 0,25 0.0700 1.1055 £.,0
: ¢ 61.1 1.8371 0.48  0.1260 1.7111 6.9
' / 71.2 2.011h 0.3 00,1064 1,90¢0 5¢73
68 9.9  0.2867 0,04  0.0028 hi2R19 9,

| 20,6  0.8¢77 .0,21  N.08B8 0,h97h 10,/
. ' 75 0,4680 o 21 0,08P8 07,6092 9,
! ' Qo’ 1,062 g 0.,112¢ /ﬁ.QUoh 10,6

' 2903« B XY/ 71 u 01332 1.0809 11,2
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