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Abstract

In order to accurately predict the deformation of geomaterials in numerical simulations,
structural changes and anisotropy need to be incorporated into the constitutive model.
In the present study, constitutive models for clay and soft rock, considering structural
changes and anisotropy, are proposed. The ability of the model is evaluated with respect
to the localization of both shear and compressive strain and to the unstable behavior

during consolidation.

The main subject of this dissertation can be divided into two parts, namely, a de-
scription of structural changes and a description of anisotropy. In order to describe the
structural changes, the static yield function and the overconsolidation boundary surface
are assumed to shrink Wit\h the viscoplastic deformation. The proposed elasto-viscoplastic
model is able to reproduce the results of undrained triaxial tests on Osaka Pleistocene
clay well. From an evaluation of the instability of the model, it is found that an unstable
region exists not only around the failure line, but also away from the failure line in the

proposed model.

A finite element analysis of undrained and partially drained compression tests under
plane strain conditions is conducted to study the effect of structural changes on strain lo-
calization. It is seen in the results that the strain localization is promoted by the collapse
of the soil structure and that the structural parameters affect the geometry of the shear
bands. In the analysis of the partially drained compression tests, the localization of the
compressive strain is reproduced. Furthermore, one-dimensional consolidation are simu-
lated. The proposed model can effectively reproduce certain types of unstable behavior
during consolidation, such as stagnation, or a temporary increase in pore water pressure,

and a sudden increase in the settlement rate.

Next, an elasto-plastic constitutive model for soft rock and an elasto-viscoplastic con-
stitutive model for clay are extended to the anisotropic models by replacing the stress
tensor with a transformed stress tensor determined by the structural tensor. The pro-
posed model can describe the initial structural anisotropy specified by the sedimentation
plane. The model is applied to the experimental results of sedimentary soft rock sam-
pled in different directions, and well reproduces the anisotropic behavior with respect to
strength and dilatancy. Finally, the effect of anisotropy on strain localization is discussed
by means of a simulation of the compression tests under plane strain conditions. The

formation of shear bands depends on the anisotropic parameters.
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Chapter 1

INTRODUCTION

1.1 Background and Objectives

Natural deposits are affected by the chemical bonding or the cementation between soil
particles during the sedimentation process. Under the effect called ‘aging’, aggregations
and a linkage between assemblages are formed in the soil structure. The process by
which a structure is formed is affected by the chemical properties of the material, the
temperature, and the secondary consolidation. However, this process has not yet been
clarified. Moreover, the internal soil particles are arranged in one direction, generally in
a vertical direction, because of gravity. Natural deposits exhibit anisotrof)y due to the

arrangement of the microstructure.

The properties of a soil structure make predicting the deformation of the geomaterials
difficult. The ability of a non-linear computational analysis to provide realistic simula-
tions of the behavior of soil depends directly on the capability of the constitutive model
used for describing the mechanical response of the soil skeleton. Many constitutive models
for geomaterials have been proposed and studied during the last three decades. Generally,
the models are developed for remolded clay in which the soil structure has been degraded.
The effect of the structure, however, cannot be negligible. It is well known that the char-
acteristics of the strength and the deformation of remolded soils are different from those of
intact soils. Types of unstable behavior such as the generation of pore water pressure after
the construction of the embankment, and secondary creep, caused by structural changes,
have been reported by many researchers. For example, the unpredictable settlement of
Kansai International Airport is considered to be related to the degradation of the soil

structure in the Pleistocene clay layer due to the large load which the soils have never



had to bear. In order to predict such unstable phenomena by a numerical simulation, the

effect of the soil structure has to be taken into account in the constitutive model.

Changes in the microstructure also affect the strain localization. In the macroscopic
localized zone, the breaks down of natural microstructure with an increasing deformation
are clearly observed (Pusch 1970). Strain localization is generally considered to be impor-
tant as a presage of failure. It has recently been recognized that strain localization may
occur during compressive deformation, particularly for porous materials with a large con-

fining stress, and the localized compressive deformation may cause a large displacement.

It is well known that the mechanical behavior of geomaterials exhibits anisotropy due
to the anisotropic microstructure formed during the sedimentation process. Studies of mi-
crostructure of clays have shown that clay particles tend to become oriented perpendicular
to the major principal stress during one-dimensional consolidation. The orientation of soil
particles causes anisotropy behavior. Anisotropy has been confirmed in the shape of the
yield curve obtained from experiments on clay and soft rock (Tavenas and Leroueil 1977),
and by the directional character of the mechanical response to the load. Although the
mechanical behavior of anisotropy has been studied, an appropriate model has not been

proposed which can describe the anisotropic behavior of natural deposits.

The present study is concerned with the numerical modeling of the structural changes
and the anisotropy of geomaterials, namely, clay and soft rock. The elasto-viscoplastic
constitutive model for clay is extended to consider the effect of structural changes and
anisotropy. In the proposed model, structural changes are expressed as strain-softening
with an increasing viscoplastic strain, so that the model can describe the instability not
only around the failure stress, but also during the compressive deformation. The effect of
structural changes on strain localization during undrained and partially drained compres-
sion is evaluated. Furthermore, the model is applied to a one-dimensional consolidation
analysis in order to evaluate the property of the proposed model during compressive de-
formation. The elasto-plastic constitutive model for rock and the elasto-viscoplastic con-
stitutive model are extended to express anisotropic behavior based on the transformed
stress concept. By comparing the analytical and the experimental results, the ability of
the model is evaluated. The effect of anisotropy on strain localization is also studied using

the model for clay considering anisotropy.



As mentioned above, the main subject of this dissertation can be roughly divided into
two parts, namely, an expression for structural changes and an expression for anisotropy
in constitutive models. Firstly, the elasto-viscoplastic model, which considers structural
changes, will be presented. Then, the effect of the structure on shear localization will
be examined under both undrained and partially drained conditions. The performance of
the proposed model during the consolidation process, particularly the ability of predicting
unstable behavior will also be evaluated.

Secondly, the elasto-plastic model will be extended to consider anisotropic behavior.
The model is applied to drained triaxial tests on soft rock. In addition, the effect of

anisotropy on strain localization is studied.

1.2 Scope and Organization

The dissertation consists of seven chapters, and the outline for each chapter is as follows:

In Chapter 2, an extended elasto-viscoplastic constitutive model for clay is proposed
which takes into account of structural changes. The proposed model can describe unstable
behavior not only around the failure stress, but also during compressive deformation. A
structural collapse is expressed as the shrinking of both the overconsolidation boundary
surface and the static yield surface with an increasing viscoplastic deformation. The static
yield function is continuously transformed when stress path crosses the boundary between
the overconsolidated region and the normally consolidated region, so that calculations can
be conducted continuously between both regions. We apply the proposed model to Osaka,
Pleistocene clay, which shows the typical behavior of structural soil. In addition, the

instability of the model is evaluated for both undrained and drained creep conditions.

In Chapter 3, the effect of structural changes on strain localization is evaluated through
numerical simulations of compression under plane strain conditions. Simulations are per-
formed under both undrained and partially drained conditions in order to examine the

effect on the compressive deformation as well as the shear deformation.

In Chapter 4, the effect of structural changes on one-dimensional consolidation behav-
jor is examined. As a result, the model can reproduce the unstable phenomena well during

consolidation, such as a temporary increase in the strain rate and pore water generation.



In Chapter 5, the modeling of the anisotropy of the geomaterials is studied. An
elastoéplastic constitutive model for soft rock is extended to consider the anisotropy based
on the transformed stress method proposed by Boehler (1977). Simulations of drained
triaxial compression tests are performed, and the simulation results are compared to the

experimental tests on Tomuro stone sampled in different directions.

In Chapter 6, the elasto-viscoplastic constitutive model for clay is extended to an
anisotropic model in a similar way to that used in Chapter 5. The effect of the anisotropy
on strain localization is studied through a numerical simulation of undrained compression

under plane strain conditions.

In Chapter 7, the conclusions of this dissertation and the recommendations for future

.

work are given.



Chapter 2

ELASTO-VISCOPLASTIC
CONSTITUTIVE MODEL FOR
CLAY CONSIDERING
'STRUCTURAL CHANGES

2.1 Introduction

It is generally known that the natural clay and the reconstituted clay exhibit different
behavior in the laboratory tests such as triaxial tests and oedometer tests. The natural
clay, namely, the undisturbed clay, provides the apparent peak strength and then exhibits
brittle behavior, while the reconstituted clay gives a smaller strength than the undisturbed
clay even at a smaller void ratio and it shows strain-hardening behavior. We consider the

difference is due to the microstructure of soils.

Fig.2.1 shows the schematic pictures of the soil structure for the undisturbed clay and
the reconstituted clay. The natural microstructural pattern is characterized by a network
of small aggregates connected by links of particles, as shown in Fig.2.1(a). Pusch (1970)
investigated the microstructural changes in soft sensitive clay, and showed that the links
break down with an increasing shear deformation, and then, the majority of the links
is broken in the residual strength while the aggregate are still intact. In contrast, the
links are mostly broken down in the reconstituted clay (Shigematsu 2002), as shown in

Fig.2.1(b).



aggregation

(b)

Figure 2.1: Schematic pictures of the clay structure for the undisturbed clay (Pusch 1970)
(a), and the reconstituted clay (b)

B

Some models which consider the effect of soil structures have been proposed. Di
Prisco, Matiotti, and Nova (1992) formulated a constitutive model which could describe
the mechanical behavior of grouted sand specimens. The tensile strength parameter
decreases with an increasing plastic strains, so that the model can describe the degradation
of the strength. Asaoka, Nakano, and Noda (2000) introduced the superloading yield
surface concept to the original Cam-clay model in order to describe some aspects of the
mechanical behavior of highly structured soils. Furthermore, Oka, Adachi, and Yashima
(1998) extended the elasto-plastic constitutive model for soft rock in order to describe the
negative dilatancy with strain softening behavior by considering the change in the initial
volumetric component of stress history tensor and the shrinkage of the overconsolidation

boundary surface.

In the present study, an elasto-viscoplastic model for water-saturated clay proposed by
Adachi and Oka (1982) is extended to consider the concept of soil structures. The model
is based on Perzyna type of viscoplasticity theory (Perzyna 1963) and a Cam-clay model.
Since it has been pointed out that the original model could not describe an accelerating
creep process or a creep rupture, Adachi, Oka, and Mimura (1987a) introduced a second
material function, ®,, in order to reproduce unstable soil behavior such as accelerating
creep under undrained conditions. Furthermore, Adachi, Oka, and Mimura (1987b) mod-
ified the original model by controlling the viscoplastic parameter with a stress ratio, so

that the model can describe undrained creep ruptures around the failure stress ratio.

These modified models can express unstable behavior only when the stress ratio ap-



proaches the failure stress ratio. On the other hand, unstable behavior during the consol-
idation process, whereby the stress paths depart from the failure line, has been observed.
Bishop and Lovenbury (1969) and Leroueil et al. (1985) conducted drained creep tests on
undisturbed clay, and observed creep failure and a temporary rise in the strain rate with
an increasing pore water pressure. Mitchell (1986) pointed out that the observed pore
pressure stagnation or its continuous increase during consolidation might be caused by

the structural breakdown of sensitive clay.

We propose the model which describes the viscoplastic strain-softening which is re-
lated to the structural changes in the present study. Structural changes are described as
shrinking of both the overconsolidation boundary surface and the static yield surface with
the evolution of the viscoplastic strain. In the following, the developed model will firstly
be presented. Simulations of undrained triaxial compression tests for both normally con-
solidated and overconsolidated clays are performed in order to evaluate the performance of
the proposed model. Next, the model is applied to the experimental results of undrained
triaxial compression tests for Osaka Pleistocene clay. Finally, the instability of the pro-
posed constitutive equation will be evaluated for both undrained creep and secondary

compression.

2.2 Elasto-viscoplastic Model for Clay

In the present study, the concept of Terzaghi’s effective stress for water-saturated soil is

used as
0ij = 05 + Unlyj (2.1)

where o;; is the total stress tensor, agj is the effective stress tensor, u,, is the pore water
pressure, and d;; is Kronecker’s delta. It is assumed that the strain rate tensor consists

of an elastic strain rate tensor and a viscoplastic strain rate tensor, so that

Eij = E5 + &7 (2.2)

2.2.1 Elastic Strain Rate
Elastic strain rate ¢f; can be broken down into

. . 1,

€fj = efj + 5555@' (23)
where é; is the deviatoric component of the elastic strain rate tensor and &5 is the elastic

volumetric strain rate (€% = €%, + €5, + €53)-



The elastic deviatoric strain rate is given by

. I
6% = ﬁSU (24)
where G is the elastic shear coefficient, S;; is the deviatoric stress tensor (S;; = o}

and the superimposed dot denotes the time differentiation. o], denotes the mean effective

~07,0i5)

stress (0], = $0};). The elastic shear coefficient G is assumed to be proposional to /a7,
as
ol
G =Gy =~ (2.5)
Tmo

in which Gy is the value of G when o), = 07,,.

Considering a proportional relation between void ratio e and the logarithm of o), in

the isotropic swelling process, the following incremental relation is obtained:

!
do,,

IS

de® = —k (2.6)

O
where de® is the elastic component of the void ratio increment and doj, denotes the
increment in mean effective stress. x is the swelling index determined by the slope of
the volumetric unloading curve on the natural logarithmic scale. The elastic volumetric

strain increment can be given as

. de®
de; = “The (2.7)
B k dol,
T l+4e al,

in which eg is the initial void ratio. Hence, the elastic volumetric strain rate is obtained

as the following:

Kk O
£8 = 2 2.8
v 1+60 U;n ( )

2.2.2 Overconsolidation Boundary Surface

In the constitutive model for overconsolidated soils proposed by Adachi and Oka, it is
assumed that an overconsolidation (OC) boundary surface exists which delineates the OC
region (f, < 0) from the normal consolidated (NC) region (f, > 0). In previous papers
(Adachi and Oka 1984; Oka 1992; Oka et al. 1999), a similar OC boundary surface was
used in an elasto-plastic model for sand and overconsolidated clay. The OC boundary
surface was introduced to control the value of M* in the plastic potential function and

the yield function.

fo = Moy + M, In (07, /07,) = 0 (2.9)



where 77y, is the relative stress ratio defined by

s * * * « 1/2
Moy = {(’%‘j - ”ij(n)) (mj - mjm))} (2.10)
in which (0) denotes the state at the end of the consolidation, in other words, the initial

state before deformation occurs. 7j; is the stress ratio tensor (n;; = g;i) and M} is the

value of n* = ,/nfnf; when the volumetric strain increment changes from compression

’
mbi

/

is the initial value of oy,

to swelling. o/, controls the size of the surface and o
which is defined as the isotropic consolidation yield stress. Regarding the structured soil,
which has been affected by chemical bonding, secondary consolidation, etc., namely, the
aging effect, the consolidation yield stress exceeds the largest stress that the soil has ever
suffered. That is called quasi-overconsolidated soil. Therefore, it is appropriate to define
the quasi-overconsolidation ratio as the ratio of consolidation yield stress o;,;, to the mean
effective stress at the end of consolidation o), that is, OCR* = o), /070

The OC boundary surface described in Eq.(2.9) can be written as follows in the triaxial

! I /I .
stress state of (0}, 043, 0%3):

(e (o
f”“’(%) (%)m

in which q is the deviator stress (¢ = of; — 033) and M, = \/%M:n This is schematically

O_I

+ Myln—m =0 (2.11)

!
mb ,

shown in Fig.2.2.

m

NC region

™ <q/ Gm'>(o
7
L
S amilih ,
| %/ Gm'b O-m'c O.m'
NUEB=

OC region

Figure 2.2: Overconsolidation boundary surface under triaxial conditions

Originally, the hardening rule for the OC boundary surface was defined with respect

to the viscoplastic volumetric strain as

1+
Omb = O i €XP ()\ _6,265”) (2.12)




where A and « are the compression and the swelling index which are determined by the
slope of the volumetric loading and unloading, respectively, on the natural logarithmic
scale, and eg is the initial void ratio.

In order to describe the degradation of the material caused by structural changes,
strain-softening with the viscoplastic strain is introduced in addition to the hardening
with the viscoplastic volumetric strain as

1+€0 >
5= O —— 2w 2.13
Omb Oma €XP ()\ _ K;gv ( )

in which o,,, is assumed to decrease with an increasing viscoplastic strain as

!

Tma = O-;naf + (O-;nai - O-;naf> exp(—ﬁz) (214)
where z is an accumulation of the second invariant of the viscoplastic strain rate.

t
2= / sdt (2.15)
0
&= (eer)’ (2.16)

!

mai @nd oy, are the initial and the final values of oy, respectively. Assuming that

Tmai

the value of o,,, coincides with consolidation yield stress o), before the viscoplastic

deformation occurs, namely, et = z = 0,

Opopi = O (2.17)

mbi mat

is obtained. [ is a parameter which denotes the degradation rate of o, ,. Hence, two

independent parameters, o}, s and 3, are introduced to describe the soil structures. The

!

mais Damely,

ratio of oy, to o

n= U;naf/o—;nai ‘ (218)

provides the degree for a possible collapse of the structure at the initial state.

2.2.3 Static Yield Function

The mechanical behavior of clay at its static equilibrium state is assumed to be described

by the original Cam-clay model (Adachi and Oka 1982). The following static yield function

is used: /
=k Ve, Tm
fy =y + M"In =5 =0 (2.19)
Umy
—% * * * * 1/2
Moy = {(7713' - %’(o)) (mj - 7717(0))} (2.20)
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In the above equation, a denotes the mean effective stress in the static equilibrium
state, where stress may be reached after an infinite period of time. Accordingly, f, =0

represents the static state in which no viscoplastic deformation occurs.

Considering volumetric strain hardening, the hardening rule of a( $) was originally
given as follows:

ols) = o). exp (%6?) (2.21)

In a similar way for OC boundary surface f,, strain-softening is defined in order to

express the effect of a structural collapse through changes in 04,(;;) with the viscoplastic

strain.

o) = {nt+(1—n)exp(~p2)} ol exp (0el?) (2.22)

_ { maf+( maz_gmaf)exp( ,8Z>} 1(s) €Xp<1+605vp>

! myi
mai A—

(2.23)

o

defined by Eq.(2.23), leads to the shrinking of the static yield

function according to the structural collapse.

The decrease in amy,

2.2.4 Viscoplastic Potential Function

The viscoplastic potential function is given as follows:

—% "k O-;n
mp
where M* is assumed to be constant in the NC region. The value of M* varies with the

current stress and o, . in the OC region as

e M 20 (2.25)
| m ¢ Ao |

where ¢! . denotes the mean effective stress at the intersection of the overconsolidation
boundary surface and the o,, axis as

, i(0)Tij(0)

Ol e = Omp €XD v (2.26)

mc

In the case of isotropic consolidation, o),. equals o,,,. The overconsolidation boundary
surface, f», the static yield function, f,, and the viscoplastic potential function, f,, for
My = 0, are illustrated in the or.-+/Si;S:; space in Fig.2.3 for the NC region and in Fig.2.4

11
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Figure 2.3: OC boundary surface, static yield function, and potential function in the NC region

1 1
A Om;SS) < Ombp=Omc

Figure 2.4: OC boundary surface, static yield function, and potential function in the OC region

for the OC region, respectively. o,,, and o;ffy) decrease with an increasing viscoplastic
strain. Although the inside of the static yield function is defined as the elastic region, the
initial value of a;,(f;i, which is included in parameter Cj introduced later, is assumed to be
very small, so that the current stress state is always outside of the static yield function.
The static yield function as well as the potential surface is transformed smoothly between
the OC and the NC regions, so that calculations can be conducted continuously without

interruption.

2.2.5 Viscoplastic Flow Rule

Viscoplastic strain rate tensor éff is given as the following equation based on Perzyna’s

overstress type of viscoplastic theory (Perzyna 1963):

20— (@, (1)) O (2.27)

!
doi;

12



where the symbol () is defined as

< @i(fy) >= { Blhy) 5 fy>0

0 <0 (2.28)

in which f, = 0 denotes the static yield function, f, = 0 is the viscoplastic potential
function, and ®; denotes a material function for rate sensitivity. Herein, the value of f, is
assumed to be positive for any stress state in this model, in other words, the stress state
always exists outside of the static yield function, so that the viscoplastic deformation

always occurs.

Based on the experimental results of the strain-rate constant triaxial tests (Adachi
and Oka 1984), material function @ is defined as

v01(fy) = C'exp{m'f,}
= ('exp {m’ (77?0) + M*In %) }
Umy

o
"~ g
= C'exp {m’ (ﬁ{o) + M*In ms‘“ , m
aﬁly)z { Omaf + ( Omai — maf) exp( Bz )} eXP(Aa&zp)

, !
— ! * mai 2 ~rx O,
= Cexp <m M*In Umy)) exp {m (77(0) + M*In o exp(A3€5P)>}

'
= Cpexp {m' (7_72‘0) + M*1In o exi)rzAsdp)) } ' (2.29)
where, 14
e
A= (2.30)
When we assume o), = 0,4,
~ O"
®1(fy) = Coexp {m' (772?» + M In 0;:;) } (231)

Substituting Eq.(2.31) into Eq.(2.27) gives the viscoplastic strain rate as

é7 = Coexp {m’ (77( + M*In ———> } gjp (2.32)

Finally the viscoplastic deviatoric strain rate and the viscoplastic strain rate are ob-

8f,
a3

771 :
- Coexp{ (77(0)+M*1n0, )} A0 (2.33)
Omb o) ' ,

tained as follows:

efjp = CO exp { (7’}(0 -+ M*

13
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-y s "k U;n af
W Goew {m' (”<0> A —> } Bous
' * (k. —
= Cpexp {m’ <772‘0) + M*In 0/—"‘) } A T (77’]_* T50)) (2.34)
Tmb : 77(0)

2.3 Determination of Material Parameters
Given below are the ten material parameters for the proposed equations.
e Initial void ratio ey, compression index A, and swelling index &

Elastic shear modulus G

!

.
e Compression yield stress o/,

Stress ratio at maximum compression M},

Viscoplastic parameters m' and C

e Structural parameters oy, and

The procedure for determining these parameters is as follows. Initial void ratio ey can be
obtained from tests for physical properties. Compression index A and swelling index &
are given by the slope of the isotropic consolidation and the swelling tests, respectively.
Compression yield stress o,,,; is assumed to be determined from the yield point of the
isotropic consolidation tests.

Elastic shear modulus G can be determined from the initial slope of the undrained

triaxial compression tests as

1 Ag
Gy == 2.35
0 3 ASH ( )
or the drained triaxial compression tests as
1 Ag
Go= = 2.36
0 3 A611 ( )

where Ag is the increment in the deviator stress, namely, ¢ = o}, — o%;, Aey; is the
increment in the axial strain, and Ae;; is the increment in the deviatoric strain, namely,
€11 =¢&11 — Eu/3-

Other material parameters are determined from undrained triaxial compression tests.
The stress ratio at maximum compression M, is defined as the stress ratio whereby

maximum compression occurs in the drained compression tests. For clay, however, it has

14



been assumed to equal the stress ratio at the critical state. Herein, M, is determined

from the stress ratio at the residual state in the undrained triaxial compression tests.
Viscoplastic parameter m’' can be determined from undrained triaxial compression

tests with different strain rates. From Eq.(2.33), viscoplastic deviatoric strain rate é}% in

triaxial stress state is obtained as

2 2 ~ !
e = \/;Co exp {m' (\/;;({— + M*In ;T,m ) } (2.37)
m mb

Considering the undrained conditions, and assuming that the elastic strain rate is negli-

gible, we obtain é]} = £1;. When undrained triaxial tests with different strain rates gt

and 5'%21) are performed, the following equations are obtained at the point where the mean

effective stress takes the same value, o/(”, in the stress path (see Fig.2.5).

ql\ qlk
. (1) 26
& &1
< (2) *(2)
€11 e, €11
1
)
q
- 5 > '
0 & 0 O Om

Figure 2.5: Determination of parameter m/

(1) 9 1) (2
% =expqm'y/= <i/> — (%) (2.38)
Ee 3 \\on o |

3 InélV —ne?
r_ |2 11 11
"= ERUEERD (239

When m' is determined, viscoplastic parameter Cy is obtained from Eq.(2.37). The de-

termination of structural parameters oy,,, and § will be discussed in the next section.

2.4 Numerical Simulation of Undrained Triaxial Tests

The ability of a non-linear computational analysis to provide realistic simulations of the
behavior of soil depends directly on the capability of the constitutive model used to

describe the mechanical response of the soil skeleton. In this section, simulations of

15



undrained triaxial tests are conducted to investigate the performance of the model in-
cluding dilatancy characteristics and stress-strain relations in both NC and OC regions.

In particular the effects of structural parameters o;,,, and 8 will be studied.

Table 2.1: Material parameters for NC clay

Parameters NC clay
Elastic shear modulus Go(kpa) 31600
Compression index A 0.508
Swelling index & 0.0261
Initial void ratio ey 1.70
Compression yield stress a,.,,(= ol..;) (kPa) 580
Stress ratio at maximum compression M, 1.09
Viscoplastic parameter m’ 18.5
Viscoplastic parameter Cy (1/s) 1.3 x10713

2.4.1 Characteristics of Normally Consolidated Clay

Numerical simulations of undrained triaxial compression tests are conducted using a nu-
merical approximation, namely, the Runge-Kutta method, by giving incompressive strain
rates of (11, €29,€33) = (6’11, —%éu, —%én) under the triaxial stress state. A strain rate
of £11=0.005%/min is provided for all calculations. The effects of structural parameters
a;naf and 3, which are introduced in the present study, are examined in the NC region.
At first, parametric studies on the changes in oy, are performed. (3 is set to be 10 in
all calculations. The remaining soil parameters are listed in Table 2.1. Fig.2.6 provides the
stress-strain relations and the effective stress paths obtained from the simulations. From
Fig.2.6, it is confirmed that parameter oy, controls the degree of the decline in peak
stress. In the original model, which corresponds to the case of oy, = 580 (=07,,), the
stress state remains constant in a residual state. The smaller the value of o,,,, becomes,
the lower the residual stress becomes. Fig.2.7 shows the effect of 3 in the NC region. The
material parameters used in the calculations are the same as those listed in Table 2.1. In
the calculations, oy, is set to be 300 kPa. Fig.2.7 confirms that § determines the rate of
the degradation of strain-softening. The larger the § value becomes, the faster the stress

state reaches the residual state.
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Figure 2.6: Effects of parameter o,,; in the NC region
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Figure 2.7: Effects of parameter 3 in the NC region

2.4.2 Characteristics of Overconsolidated Clay

Similarly parametric studies for oy, and [ are conducted in the overconsolidated regions

of OCR=2.0 and 5.9. The material parameters for the overconsolidated soils are listed in

Table ?7. The parametric studies of oy,,,; and 3 for OCR=2.0 are shown in Figs.2.8 and

2.9, respectively. The effects of the structural parameters are similar to those obtained

in the NC region. The parametric studies of the structural parameters for OCR=5.9 are

shown in Figs.2.10 and 2.11, respectively. These results reveals that structural parameter
'

Oynay Drovides the residual state of the soil, which is related to the degree of initial struc-

ture, while § controls the rate of collapse of the structure.

It should be noted that ¢;7 and €} take a small value in the OC region in the case of

—,n(a,n;;;’;jb) is obtained from Egs.(??) and (??). Conclu-

M = 0. It is because M* =
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Table 2.2: Material parameters for OC clay

Parameters OCR=2.0 | OCR=5.9
Elastic shear modulus Gy(kPa) 22500 13000
Compression index A 0.508
Swelling index 0.0261
Initial void ratio e 1.70
Compression yield stress o/, (kPa) 580
Stress ratio at maximum compression M} 1.09
Viscoplastic parameter m’ 18.5
Viscoplastic parameter Cy (1/s) 4.0 X107 | 1.0x10710
Conclusively, 1
iy + M In 2 = (2.40)
mb

is approved in Eq.(2.32) when 7}, = 0 in the OC region. In Figs.2.8(b)~2.11(b), the
stress paths depart from the OC boundary surface before softening occurs, and accord-
ingly, strain-softening occurs in the NC region in the calculations. Consequently, o! . 5 can
be determined from the residual stress; 3 is then determined by a curve fitting method

during strain-softening from the undrained triaxial tests.

2.4.3 Application to Osaka Pleistocene Clay

In this section, the model is applied to Osaka Pleistocene clay, namely, Kyuhoji clay
and Tsurumi clay. These are sampled from the upper Pleistocene layer called Mal2,
which is distributed widely in the western and eastern part of Osaka at a depth of 20-
40 meters (Shigematsu 2002). These are marine clays containing diatoms, and exhibit
sensitive behavior, which is due to the effect of structures formed during the sedimentation

process.

Fig.2.12 compares the undrained compression test results between undisturbed, namely,
natural and reconstituted samples for Kyuhoji clay (Yashima et al. 1999). Both of undis-
turbed and reconstituted clays were sheared with an axial strain rate of 0.005%/min after
isotropically consolidation with a confining pressure of 392 kPa, which is a little larger
than the compression yield stress of 340 kPa. The initial void ratio of the undisturbed
clay is larger than that of the reconstituted clay, specifically, 1.41 for the undisturbed clay

18
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Figure 2.8: Effects of parameter o7,,; in the OC region (OCR=2.0)
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Figure 2.9: Effects of parameter § in the OC region (OCR=2.0)

and 1.02 for the reconstituted clay. The undisturbed clay exhibits larger strength and
the deviator stress decreases after the peak stress in Fig.2.12. Fig.2.13 shows the results
of simulations. The material parameters used in the simulations are shown in Table 2.3.
The structural parameter oy, is set to be 280 kPa for the undisturbed clay, and {3 is set
to be 10 for the undisturbed clay and 0 for reconstituted clay. =0 provides the orig-
inal model which does not describe structural changes. The values of Cj contains U;,(f;i
concerning the degree of initial structures in the derivation (Eq.(2.29)). Since the degree
of the initial structure of the reconstituted clay is considered lower than the undisturbed
clay, the larger value of Cjy is given for the reconstituted clay. Fig.2.13 confirms that the
proposed model can describe the difference of the behavior between the high structured

and the low structured soils.
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Figure 2.10: Effects of parameter oy,,; in the OC region (OCR=5.9)
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Figure 2.11: Effects of parameter 3 in the OC region (OCR=5.9)

Fig.2.14 shows the undrained triaxial compression test results for Tsurumi clay, which
contains more diatoms than Kyuhoji clay (Yashima et al. 1999). The axial strain rate
is 0.005%/min, and the overconsolidation ratios are 1.0 (NC), 2.0, and 5.9. The ratios
are determined based on an isotropic yield stress of 580 kPa. Fig.2.15 provides the sim-
ulation results by the proposed model considering the soil structure. In the calculations,
a constant strain rate of 0.005%/min is adopted. The material parameters used in the
calculations are listed in Table 2.4. Figs.2.14 and 2.15 confirm that the model can well
describe the strain-softening behavior for the NC clay and the heavily overconsolidated
clay, that is, OCR=5.9, in both the stress-strain relations and the stress paths. In the
case of OCR=2.0, the mean effective stress decreases after the peak stress in the stress

path of the experimental results (Fig.2.14(b)), while it increases after the peak stress in
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Table 2.3: Material parameters for Kyuhoji clay

Parameters Undisturbed | Reconstituted
Elastic shear modulus Go(kPa) 8333 6330
Compression index A 0.327
Swelling index 0.028
Initial void ratio eg 1.41 1.02
Compression yield stress o/ ,.(=07.,;) (kPa) 392
Stress ratio at maximum compression M, 1.22
Viscoplastic parameter m’ 21.5
Viscoplastic parameter Cy (1/s) 4.5 x1071 2.5%x10~8
Structural parameter o, (kPa) 280 392
Structural parameter 10 0

the simulation (Fig.2.15(b)). The reason is that the viscoplastic volumetric strain is as-

sumed to be negative, namely, viscoplastic expansion, above the line of M, outside the

OC boundary surface.
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Table 2.4: Material parameters for Tsurumi clay

Parameters NC OCR=2.0 | OCR=5.9
Elastic shear modulus Gy(kPa) 36100 22500 13000
Compression index A 0.508
Swelling index 0.0261
Initial void ratio eg 1.70
Compression yield stress o),,,(=07.,;) (kPa) 580
Stress ratio at maximum compression M, 1.09
Viscoplastic parameter m’ 18.5
Viscoplastic parameter Cy (1/s) 1.3 x10713 | 4.0 x1071 | 1.0x10710
Structural parameter oy, (kPa) 300 290 370
Structural parameter (3 20 45 40
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Figure 2.14: Experimental results of Tsurumi clay (Yashima et al. 1999)
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Figure 2.15: Simulation results of undrained triaxial tests for Tsurumi clay
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2.5 Instability of the Model

The objective of this section is to clarify the instability of the proposed model. The
instability is discussed in the sense of Liapunov, that is to say, the instability is evaluated
based on whether or not the values approach the solutions at an infinite time, when
slightly different initial values for the solutions are provided. Firstly, the instability is
evaluated for the undrained creep conditions. Secondly, it is evaluated for constant stress

conditions, namely, the secondary consolidation. '

2.5.1 Instability During Undrained Creep

Under conventional undrained creep conditions, the volumetric deformation does not oc-
cur and the deviatoric stress is kept constant. Since the deviatoric elastic strain rate is
zero under creep conditions, the total strain rate is equal to the deviatoric viscoplastic

strain rate as

1
éij = BU + gsvél] = 6” = efjp (241)
From Eq.(2.33), the second invariant of the deviatoric viscoplastic strain rate is expressed
as
O.I
L=1I] =/ = Cexp [ {77* + M* <ln a’m — Z/;) H (2.42)
. = 1w (2.43)
ym - )\ — K v '
V2J
o= (2.44)
Um

where 77;5,=0 and M* = M*(=const.) are adopted for the normally consolidated speci-
men under isotropic conditions. In order to express the degradation of the soil structure,

the diminution of o, is given in the following equations, as previously mentioned:

U;na = ;naf + O-vl'nab exp (—ﬂZ) (245)
po= | Jemar L= / sdt (2.46)
U;nab = 0.7/7““_ - O-;na f

A stress-dilatancy relation is obtained as
e = (M —n) I} (2.47)
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Since €7 = —£¢ is satisfied under undrained conditions, the rate of mean effective

stress ¢], can be related to volumetric viscoplastic strain rate £;7 as

! 1 1
ol K K

The rate of change in stress rate 7* is expressed as
: % *é-l 1+ €0 4 * * .
0= -ntt = n(M*—n") I} (2.49)

ol K
Differentiating Eq.(2.46), with respect to time, gives

5o = — 200, exp (—B2) (2.50)
WP = I e = 1 (M — ) (2.51)

Consequently, we obtain the differentiation of the second invariant of the deviatoric vis-
coplastic strain rate with respect to time as

i, = m'{f]*—i—M* (U—,m—"m”—y:n>}12

!
Om Um a

[ 1+eo A Bol. . exp (—0z)
= — M* —n* * _ o* ma ! * * __ o*)2 .
m{ — ”)<A—,€M n>+ o M* 1+ (M* =723 [,
= m'ay (", 2) [I) (2.52)
where
* — 1+ €o * * A * *
ar (n*,2) = — (M n)(A_RM n)
B0mab €xP (—02) 5 - X
+ b%a M1+ (M — )2 (2.53)

For simplicity, Eq.(2.52) is rewritten as
y = ay’ (2.54)
where

By integrating the differential equation under the initial conditions whereby y = yo when

t = 0, the solution of Eq.(2.54) is obtained as

Yo
= — 2.56
y (1 — aityo) ( )

Let us consider two solutions, y; and s, for two slightly different initial values for y. At

t = to, Yoz = Yo1 + € in which yo; and yoo are positive initial values for y and € is a small
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positive constant. At time ¢, the difference between the two solutions can be evaluated

by the following equation:

1 = artyor) (1 — art{yor + €))|

If a; is negative, the difference becomes zero when ¢ — oo. This means that the solution
is asymptotically stable in the sense of Liapunov. If a; is positive, on the other hand, the
difference between the two slightly different solutions becomes infinite at a finite time.
This indicates that the solution is unstable when a; is positive. The positive sign of
function ¢, (7%, 2) in Eq.(2.52) leads to a positive value for the time differentiation of the

strain rate, namely, the acceleration of strain in a local sense.

In the case that 3 equals to zero in Eq.(2.53), which corresponds to the original model,
the sign of ay depgnds only on the stress ratio, and I always denotes a negative in the
region of M* > n*. In contrast, the unstable region can not be captured by the current
stress in the present model, that is, depending on the stress-strain history, specifically, z
and o,,,. The model shows instability even at low stress ratios. Since the second term in
function a; (n*, z) decreases with an increasing z, the possibility that the will be unstable
at the current stress ratio under undrained creep conditions, can be evaluated by replacing
0 with z in Eq.(2.53) as

or =) (520 - 7) s

1+€0
K

a; (n",0) = B(1 — n)M*\/l + (M* —n*)2 —

In Eq.(2.53), n is the ratio of the final value of o7,, to the initial value, namely, o},,;/07,:-

When the material parameters are set at, e = 1.70, A = 0.508, x = 0.0261, and
M* = 1.09, unstable condition a; (n*,0) > 0 can be written as

103(1.09 — %) (1.15 — n*)
1.09(1+n)y/T+ (1.09 — )2
Fig.2.16 shows the unstable region where Eq.(2.59) holds for n* = 0,0.5, and 1.0. If

the sets of material parameters for n and 8 do not satisfy Eq.(2.59), the material cannot

(2.59)

be unstable at a stress ratio of n*. The large value of § and the small value of n lead to

the unstable condition.

For the purpose of evaluating the sign of instability index I, during a ¢ =constant

undrained creep condition, numerical simulations of undrained creep tests under a triaxial

26



200 v E—
1

| Unstable region ;
’l

i

150

< 100

~
N
~
~
Ny
~
~
~
50 - 3
~
> PR
o 77=10:
<
~
N
0 oo lsopsed J - }.\.,\[\.\.l\:- )

00 02 04 06 08 10
n=¢ . /s

ai

Figure 2.16: Region of parameters n and f satisfying a; >0 (Undrained creep)

q, Failure line
- /MVH
OCclay / NC clay
A...._M...\......»...)/// ("-.-mm,....
' [Initial state
/ .
100 kPa 580kPa O,

Figure 2.17: Stress paths of undrained creep for NC and OC clays

compression stress state are conducted with the Runge-Kutta method. The initial effective
stress levels are 580 kPa for normally consolidated clay and 100 kPa for overconsolidated
clay, as illustrated in Fig.2.17. The material parameters for Tsurumi clay are used in
the calculations listed in Table 2.4 except structural parameters of oy, and 3. Material
parameter n is set to be 0.5 in all calculations, and f is set to be 20, 40, and 80 for both

NC and OC clay. The deviator stress levels are applied in a second for each case and kept

constant until the sign of the index, I, becomes positive.

Figs.2.18 and 2.19 show the obtained unstable regions during undrained creep for
normally consolidated and overconsolidated clay at the initial state, respectively. In the
case of the original model, I, becomes positive only in the region of M* < n* < AM*/(A—

k), as shown in Fig.2.19, while in the present model, the unstable regions change with the

value of 3 and expand around the failure line.
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In the process of deriving Eq.(2.52), M* is assumed to be constant. In the overcon-
solidation boundary surface, f, < 0, however, dilatancy coefficient M™* changes with the
current stress. The viscoplastic deviatoric strain rate ¢} takes a constant value in the OC
region when 77, = 0 under a triaxial stress state since Eq.(2.40) is satisfied. Accordingly
I, = 0 holds in the overconsolidation region. In other words, no unstable region exists in

the overconsolidation boundary surface, as seen in Fig.2.19.

2.5.2 Instability During Secondary Consolidation

Let us consider the secondary consolidation in which stress is kept constant under drained
conditions. The elastic deformation does not occur in this case. The differentiation of the
second invariant of the deviatoric strain rate with respect to time under constant stress

yields

-‘,
12 — mIM* <_Uma _ y;) 12

- { _1¥eo (up ey o B R (282) G 772)2} i

A—K ol
= m'M*ay (2)[I]° (2.60)
in which
1+e . Ornab €XD (— B2
az(Z):——)\_IS(M —nc)+ﬁ ”U,p( ﬁ)\/1+(M*—ng)2 (2.61)
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where 1} denotes the creep stress ratio.

The differentiation of the volumetric strain with respect to time is expressed as

év = (M*_T]:)IQ
M (M — ) {—1 0 (ppe ) 4 Poman R (262) TG nz>2} P

c
A—K o)

= m'M*(M* —n})az(2) [12]2 (2.62)

The condition of instability for the deviatoric strain is given as as (z) > 0; for the volu-

metric strain, the condition of instability is

az (z2) >0 and M* > n) (2.63)

Note that if ay (2) < 0 is satisfied in Eq.(2.61), M* > n} should also be satisfied. Then, it
follows that &, < 0 is obtained when ay (2) < 0. The condition of Eq.(2.63) is related to
unstable behavior of the compressive deformation. It cannot be described in the original

model since
2 1 + €p
A—K

gy = —m'M* (M* — 1)) <0 (2.64)

is obtained by setting S at zero in Eq.(2.62).
The condition as (2) > 0 yields

B(1 — n) exp(— ﬁZ) e (M~ — )

=Cc 2.65
n+ (1 —n)exp(— \/1 + (M* — )2 ¢ (2.65)

where n = 0},,;/0,,- The left side of Eq.(2.65) decreases with an increasing z; the state
becomes stable even if the initial condition is unstable in the secondary consolidation.

Supposing z equals zero in the initial state, the condition of instability Eq.(2.65) yields

(2.66)

The region of n and 3 which satisfies Eq.(2.66) for n*=0, 0.5, and 1.0 is schematically
shown in Fig.2.20. The material parameters are set to be the same as those for undrained
creep, namely, eg=1.70, A=0.508, k=0.0261, and M*=1.09. If a set of parameters exists
in the unstable region shown in Fig.2.20, the soil becomes unstable at a stress ratio of
n. This presents a description of an accelerating creep of volumetric strain at a constant

stress, namely, the secondary consolidation.
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2.6 Summary

In this chapter, an elasto-viscoplastic constitutive model was developed to consider the ef-
fect of the structural changes in soils. The proposed model has been applied to undrained
triaxial tests on Kyuhoji clay and Tsurumi clay which are typical structured clays. The
model can well reproduce the stress-strain relations and the stress paths in undrained
triaxial tests in the NC region and heavily consolidated region. In the slightly overconsol-
idated state, however, the stress path after the peak stress cannot be adequately described.
Furthermore, the instability of the proposed model was evaluated during both undrained
creep and secondary consolidation. Unstable regions were found to exist around the fail-
ure line in both NC and OC regions in the undrained creep simulation, which is related
to the creep failure and the strain-softening behavior around the failure stress ratio in
undrained compression tests. The model also exhibits instability in the secondary consol-
idation in which the stress remains constant. It is related to types of unstable behavior
during consolidation, such as a sudden increase in strain rate or pore water generation.

It should be noted that the instability depends not only on the present stress state, but

also on the strain history in the proposed model.
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Chapter 3

EFFECT OF STRUCTURAL
CHANGES ON STRAIN
LOCALIZATION

3.1 Introduction

The problem of strain localization in geomaterials has been studied in the context of
experimental, theoretical, and numerical approaches over the last three decades. The
conditions for strain localization have been captured in a bifurcation analysis by Rice
(1976). Rudnicki and Rice (1975) discussed the localization of deformation as a result of
an instability in the constitutive description. They showed that faulting or shear banding
may be considered a type of constitutive instability in the sense of a bifurcation appearing
in the deformation rate field. Furthermore, Olsson (1999) and Issen and Rudnicki (2000)
recognized that the approach of Rudnicki and Rice (1975) could be applied to explain not
only shear bands, but also the origin of compaction bands, which are formed perpendic-
ularly to the maximum compressive stress. They discussed the possibility of predicting

compaction bands using a set of material parameters.

Strain localization is considered to be affected by both the instability of material and
the geometric instability of the deformation. The former is related to the strain-softening
characteristics of the material due to the degradation of the microstructure. The latter is
the macroscopic instability which is caused by boundary conditions. Both probably affect

each other in the strain localization phenomenon.
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The objective of this chapter is to study the effect, considering structural changes in
the constitutive model, on both shear and compressive localization. We have performed
finite element analyses for both undrained and partially drained compression tests for sat-
urated clay under plane strain conditions, and have discussed deformation characteristics
including the distribution of both shear and volumetric type of strain, effective stress, and

pore water pressure.

Firstly, finite element formulations are presented. Secondly, numerically simulated
results of undrained compression are shown. Finally, numerical simulations of partially

drained compression tests are presented to discuss the compressive deformation.

3.2 Finitq Element Formulation for Strain Localiza-
tion Analysis

In this section, a finite element formulation for two-phases mixtures based on the finite
deformation theory, is presented. Governing equations of the coupling problem, involving
the soil skeleton and pore water, are obtained through the application of the two-phase
mixture theory by Biot (1962). For a simple and practical formulation, both the grain

particles and the fluid are assumed to be incompressible.

® L 4 —@ O o)
X X X X
® o
X X X X
L ® o O O
® Displacement O Pore water pressure
x Gauss Points x Gauss Points

Figure 3.1: Finite elements and Gauss integration points

In the formulations, an updated Lagrangian method with the objective Jaumann rate
of Cauchy stress is used for a weak form of the equilibrium equation. An eight-node
quadrilateral element with a reduced Gaussian two-point integration is used for the dis-
placement to eliminate shear locking and to reduce the appearance of a spurious hourglass

mode. The pore water pressure is defined at the four corner nodes (see Fig.3.1).

32



3.2.1 Equilibrium Equation

Based on the definition of Terzaghi’s effective stress, the total stress tensor is expressed
as
Tij = Tj; + i - (3.2)

where Tj; is the total Cauchy stress tensor, Ti’j is the effective Cauchy stress tensor, wu,, is
the pore water pressure, and d;; is Kronecker’s delta. The superimposed dot denotes the

time differentiation.

Nominal stress rate tensor S;;, and the effective nominal stress tensor are given by
Sij =Ty + LixTy; — TiLjx (3.3)

Sty =T} + LT} — Ty Ljk (3.4)

in which L;; denotes velocity gradient tensor. Substituting Egs.(3.1) and (3.2) into
Eq.(3.3) gives the relation between Sz] and SZ'J as

Sij = S'ij + Uui; + Bij (3.5)
Bij = Liguw0ij — uwlir Lk (3.6)
The weak form of the equilibrium for the whole fluid-solid mixture is
/V Sii0:dV = 0 (3.7)
where dv; is the component of the virtual velocity vector. Considering the relation,

(SU(S’UZ) .= Simévi + SijcSvi,j (38)

5]

Eq.(3.7) yields
./V (Sijévi>,j dV — ‘/V Sij&l)i’jdv =0 (39)

From the Gauss principle, the first term on the left-hand side of Eq.(3.9) can be written

as
/V (Sijévi)’j dV = /1“ (Sij5vi> n;dl’ (3.10)

The second term on the left-hand side of Eq.(3.9) yields
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Substituting Eqs.(3.10) and (3.11) into Eq.(3.9) yields
556u) nsdl = [ $56L5dV = 0 3.12
/1“ (SJ v ) nj D0 (3.12)

Cauchy’s stress principle gives
gtz' = S'ijnj (313)

Replacing Eq.(3.12) with Eqgs.(3.5) and (3.13) yields
| SioLydv + /V iu00LidV + [ BydLydV = /F $,i6v;dD (3.14)
In Eq.(3.14), the following relation is approved:
0ij0L;j = 0Ly, = 6 Dy, (3.15)
in which D;; is the stretching tensor. Substituting Eq.(3.15) into Eq.(3.14) yields
/V SL6LGdV + /V 0 Dy dV + /V Bi;6Ly;dV = /F S,idvidl (3.16)
From the symmetry of the effective Cauchy stress tensor,
TDij = %Tin(Lij + Lji) = T}, Li; (3.17)

is obtained.
Finally, a weak form of the equilibrium equation is given in an incremental form by
substituting Eqs.(3.4) and (3.17) into Eq.(3.16), in other words,

| T6Dyav + [ AysLgav + | LaTyoLiyaV + [ dudDidv
14 1% 1% 14
+ [ BydLydv = | Subvidr (3.18)
14 I

where
Aij = —TiIijk (3.19)

For the discretization of the weak form of the equilibrium equation, the following

relations are defined.

{v} = [N]{v*}, {6v} = [N]{ov"} (3.20)

where {v} is the velocity vector in an element, {v*} is the nodal velocity vector, and [N]

is the shape function of the eight-node quadrilateral element.
{D} =[B]{v"}, {éD}=[B]{dv"} (3.21)
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where {D} is the vector form of the stretching tensor and [B] is the matrix which trans-

forms the nodal velocity vector into the stretching vector.

trD = Dy = {B,} {v*}, 6Dy = {B,}" {6v*} (3.22)
where {B,} is the vector which transforms the nodal velocity into the trace of D.

{L} = [Bul{v'}, {01} =[Bum]{ov’} (3.23)
where {L} is the velocity gradient vector and [By] is the matrix which transforms the

nodal velocity vector into the velocity gradient vector.

thy = {Na}" {13} (3.24)
where 1,, is the pore pressure rate, {}} is the nodal pore pressure rate vector, and {Ny}
is the shape function of the four-node quadrilateral element.

For the finite deformation theory, the Jaumann rate of Cauchy stress tensor TZ’] is used
in the formulation. The Jaumann rate of Cauchy stress tensor Tz’j is the objective tensor
defined as

T), =T, — WuTi; + Ty Wi, | (3.25)
where W;; is the spin tensor.

The relation between the Jaumann rate of Cauchy stress TZ’] and the stretching tensor
D;; is obtained as

Tilj = ijmD;‘iz = ijkz(Dkl - D}c)f) (3-26)
in which Cf;, is the elastic tangential stiffness matrix, Dj; is the elastic stretching tensor,
and D;? is the viscoplastic stretching tensor. The viscoplastic stretching tensor D} is

given as
9fy
oty

the tangent modulus method (Pierce

DiF =y (P (f,)) (3.27)

up
17

et al. 1984) is adopted to obtain stable solutions.

To evaluate the viscoplastic stretching tensor D

Based on Eq.(3.26), the relation between the Jaumann rate vector of Cauchy stress

{T’ } and stretching vector {D} are obtained in the matrix form as
{T'} =1c1{D} - {@} (3.28)

where [C] is the tangential stiffness matrix and {Q} is the relaxation stress vector. Using
the definition for {T’} (Eq.(3.25)), Eq.(3.28) can be written as

{T'} = [C{D} - {@Q} + (W7} (3.29)
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where {W*} is the vector defined as {W*} = {WT - TW}.
Substituting Eqs.(3.20)~(3.29) into Eq.(3.18) and dividing by {6v*}" produce

(K] {'} = [ B {Qbav + [ B {W*}dv + (i) {'} + [ i} = {F} (3:30)

in which

K] = /V [BI7(C][BIdV (3.31)
(Ki) = [ [Bul (DBalaV + [ (Bl W)BulaV + [ [Bul" (T} {B.)" 4V (3:32)
K] = [ ABHN} av (3.33)
- [F} = /F [N {8} ar (3.34)

in the above equations, the matrix form of A;; is defined as
4] = [D}][Bu] {v") (3.35)

and the matrix form of By; is defined as

[B) = [U][Bu) {v) (3.36)

The relation between nodal velocity vector {v*} and the displacement increment vector

of node {Au*} is given by Euler’s approximation as

n _ {Au'}
{v} =5 (3.37)

For the water pressure, the following equation is obtained with the finite difference

method:

(i) = [eac = (02, 5%

Substituting Egs.(3.37) and (3.38) into Eq.(3.30) yields the discretization of the equi-

librium equation as

K]+ [Ko]) {Aw} + (Ko {ubaar = At{F}+ K] {u ),
+ At /V (BT {Q}dV — At /V (BT {(W*} dvV
(3.39)
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3.2.2 Continuity Equation

Boundary surface I" of closed domain V' can be broken down into two parts, namely,
r=r,+r, (3.40)

in which I', is the boundary where the pore water increment is predicted and I', is the
boundary where the velocity is predicted.

On boundary I,

Uy = Ty (3.41)
On boundary I,
The equilibrium equation of the fluid phase gives
k
— Uy i+ Dy =0 (3.43)

w
where k is the coeflicient of permeability and 7, is the density of the pore water.
Considering the test function of 4,,, we obtain the weak form of the continuity equation

as

k k
/ (—uw,ii + D“> UydV = — uw,ii’&wdv +/ D, dV =0 (3.44)
vV \ Y Yo IV v
Using the relation,
Uw,iiﬁw = (uw,iﬁw)’i - uw,iaw (345)
Eq.(3.44) can be rewritten as
Z (i) AV — = [ g gdV + / G DydV = 0 (3.46)
Yoo IV ' Yo IV v

Using the Gauss principle, Eq.(3.46) yields
E Gt idD — = [ g gdV + / iy DisdV = 0 (3.47)
YwJT Yw/V Vv

Next, the following vectors and matrixes are defined for the discretization:

wy = (NG} {up}, i = {Na}" {i, (3.48)

{uw;} = [Nng)" {up} = [Bu] {u},}, {dwi} = [Brl{@, (3.49)
[Nhi] = V{N:} (3.50)

Dy = trD = {B,}" {v*} (3.51)
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Substituting Eqs.(3.48)~(3.51) into Eq.(3.47) yields

k ~ * k ~ %k *
=[G ) (B G r - 2 [ () (BB () v
[ Y VB (Y dv =0 (3.52)
where {n} is the unit vector normal to the boundary surface I

Considering arbitration of the test function, we get the following equation by dividing
Eq.(3.52) by {&Z}T, namely, ’

k k
N Y (BT ) = = [ BBV (g} + [ (N} (BT v (o'} = 0
(3.53)
Substituting Eq.(3.37) into Eq.(3.53) yields the discretization of the continuity equa-

tion as .
(K™ {80} = A (K] + [V]) {0 = 0 (3.54)
where k
(Kol = = [ 1B BV BN GES)
KT = [ AN (B dV (3.56)
k T
V1=~ (N} {n)" [Bylar (3.57)

Combining Eqgs.(3.39) and (3.54) gives the governing equation for the finite element

Au* }
*
Uy 1At

) { A {} (o + e 1B (@pav - e | B] (W) av } (3.58)
0

formulation as

(K] + (KL e
)T At (K] + V)

3.3 Numerical Simulation of Undrained Compression

Tests

The shearing of a clay specimen is simulated under globally undrained plane strain con-
ditions with displacement control. The finite element mesh and the boundary conditions

for the simulations are shown in Fig.3.2.
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Figure 3.2: Finite element meshes and boundary conditions

The specimen is 5 cm in width by 10 cm in height, and consists of two hundred square
elements deforming in plane strain. All the boundaries of the specimen are set to be
impermeable in this problem. A constant axial (y-direction) displacement of 0.005%/min
is applied to the nodes of the top surface, and a horizontal (x-direction) displacement of

nodes on both top and bottom surfaces is constrained as a trigger for strain localization.

Table 3.1: Material parameters 8 (Undrained conditions)

NC ocC
Without structural changes 6=0 6=0
With structural changes 6=5, 20, 40 (5=40
With @, G,=10

Simulations are performed with both NC and OC clays, which are compared among the
models with and without consideration given to structural changes, and with a material

function of ®,; the patterns of the analyses are listed in Table 3.1.

The initial conditions and the material parameters used in the analysis are listed in

Tables 3.2 and 3.3. The material parameters are the same as those used for the simulations
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for Tsurumi clay in Chapter 2. In all the computations, the time increment for each step

is 6 s, and the increment of the average strain for a step is determined as Ae;; = 0.0005%.

Table 3.2: Initial conditions for the simulations

Initial value NC oC

Initial mean effective stress o7, (kPa) 580 98
Coefficient of earth pressure K 1.0

OCR 1.0 5.9

. Table 3.3: Material parameters used in the analysis

Parameters NC OCR=5.9
Coefficient of permeability ko(m/s) 0.8 x107°
Elastic shear modulus Gy(kPa) 36100 13000
Compression index A 0.508
Swelling index 0.0261
Initial void ratio e 1.70
Compression yield stress o/,,, (kPa) 580
Stress ratio at maximum compression M, 1.09
Viscoplastic parameter m’ 18.5
Viscoplastic parameter Cy (1/s) 1.3 X107 | 1.0x107%0
Structural parameter o,,,; (kPa) 300 370
Structural parameter § 0, 5, 20, 40 0, 40

Simulations of the undrained triaxial compression tests with an axial strain rate of
0.005%/min are shown in Figs.3.3 and 3.4 for NC and OC clays, and for the model with

®, in Fig.3.5, respectively, to confirm the properties of the material parameters.

3.3.1 Analysis of Normally Consolidated Clay
3.3.1.1 Structural Parameter (=0 and 20)

Starting from NC clay, we now compare the results of §=0, that is, the original model,

with 5=20, namely, the model which considers structural changes. The results for § = 0
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are shown in Figs.3.6~3.12, and the results for §=20 are shown in Figs.3.13~3.19. Fig.3.6
shows the relation between the average vertical stress on the top surface and the average
axial strain (Fig.3.6(a)), and the average stress paths (Fig.3.6(b)) for 5=0. The average
vertical stress was calculated as the mean value of the nodal force in the y-direction along
the top surface, and the average mean effective stress was calculated as the mean value of
all the elements. In the same way, the average stress-strain relation and the average stress
path for §=20 are shown in Figs.3.13(a) and (b). The calculation diverged at an axial
strain of around 13% for §=20. Simulations show that the model considering structural
changes can describe the degradation of shear strength, while the stress remains nearly
constant in the original model of 3=0. The average vertical stress attains its peak value

at an average axial strain of around 0.57% as seen in Fig.3.13(a).

The stress paths for element 1~5 (at the bottom of the specimen, see Fig.3.2), element
41~45 and element 91~95 (at the center of the specimen) are shown in Fig.3.7 for =0,
and in Fig.3.14 for 8=20, respectively. These figures confirm that the stress paths reach
the failure line more slowly for the top and bottom elements (element 1-5) than for the
center of the specimen because of a lower generation of pore pressure. At the same depth,
the stress path reaches the failure line of M}, the fastest along the side of the element in

both cases.

The deformed meshes at axial strains of 0.6%, 1.0%, 2.0%, 5.0%, 10.0%, and 15.0%
for =0 and =20 are shown in Figs.3.8 and 3.15. These figures demonstrate that when
$=20, a more apparent localization is provided than when $=0. In particular, it is obvious

that the horizontal displacement is apparent at the center of the specimen in Fig.3.15.

Figs.3.9 and 3.16 show the distribution of accumulated viscoplastic shear strain ? =
J W . The lighter region indicates the larger deformation. These figures confirm
that shear localization is apparent in the case of =20, in which the localization starts
near the edges of the specimen. Then, four bands proceed from the four edges. In the
case of §=20, a small deformation remains at the center. The angle of shear bands will

be discussed later.
Figs.3.10 and 3.17 show the distribution of accumulated viscoplastic volumetric strain.

The volumetric strain localization is also distributed more apparently in the case of con-

sidering structural changes. Viscoplastic volumetric compression develops along the shear

41



bands in both cases, and a viscoplastic expansion occurs at the center of the specimen.

Figs.3.11 and 3.18 show the distribution of mean effective stress for =0 and F=20.
Fig.3.18 shows a more inhomogeneous distribution than Fig.3.11. The distribution of
mean effective stress relates to that of the viscoplastic volumetric strain since calculations
are performed under globally undrained conditions. Along shear band where viscoplastic

compression occurs, the mean effective stress takes the small value as shown in Fig.3.18.

Figs.3.12 and 3.19 show the distribution of excess pore water pressure for =0 and
B=20. A higher pore water pressure is generated at the top and the bottom of the
specimen in the case of §=0, whereas pore water pressure is highly generated in the center
in the case of 3=20. The distribution of pore water pressure is relatively homogeneous,
however, compared to the viscoplastic strain and the mean effective stress. This may be

due to the migration of pore water pressure.
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Figure 3.5: Simulations of undrained triaxial tests with material function ®, for NC clay
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Figure 3.10: Distribution of viscoplastic volumetric strain for NC clay (8=0, Undrained)
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Figure 3.11: Distribution of mean effective stress (kPa) for NC clay ($=0, Undrained)
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3.3.1.2 Structural Parameter (3=5, 20, and 40)

Let us compare the calculations of different values for structural parameter §, namely,
B=5, 20, and 40. As mentioned in the previous chapter, parameter § controls the rate of

collapse for the structure; a larger value for 5 leads to a rapid decrease in the shear stress.

The calculation results for =5 are shown in Figs.3.20~3.26: Fig.3.20 shows the av-
erage stress-strain relation and the average stress path, Fig.3.21 shows the stress paths
of the elements, Fig.3.22 presents the deformed mesh, Fig.3.23 shows the distribution of
viscoplastic deviatoric strain 77, Fig.3.24 for the distribution of viscoplastic volumetric
strain, Fig.3.25 presents the distribution of mean effective stress, Fig.3.26 for the distri-
bution of pore water pressure. The calculation results for =40 are shown in Figs.3.27
~3.33 in the same way. The calculation for =40 diverged at an axial strain of 9.0%.
Calculations for =20 have been already presented in Figs.3.13~3.19.

Comparisons of the average stress-strain relations in Figs.3.13(a), 3.20(a), and 3.27(a)
confirm that a larger value for § promotes the rapid degradation of the shear strength.
The peak strength is obtained at an axial strain of 0.57% for =20 and 0.53% for =40,
while the apparent peak is not obtained for §=>5. From the comparisons among the stress
paths in Figs.3.13(b), 3.20(b), and 3.27(b), the average vertical stress declines at the small
value for the stress ratio when =20 and 40, since the vertical stress decreases at the early
stage where the level of pore water pressure is small. Comparisons of the deformed mesh
in Figs.3.15, 3.22, and 3.29 demonstrate that the specimen is horizontally compressed at
the center of the depth for §=40.

Let us compare the distribution of accumulated viscoplastic deviatoric strain in Figs.3.16,
3.23, and 3.30. The pronounced shear bands are observed at an axial strain of 1.0% for
B=40 (see Fig.3.30), at an axial strain of 2.0% for =20 (see Fig.3.16), and at an axial
strain of 5~10% for §=5 (see Fig.3.23). Hence, with the larger value for (3, shear lo-
calization appears at a smaller average axial strain. The angles of shear bands will be

discussed in a later section.

Figs.3.17, 3.24, and 3.31 show the distribution of the viscoplastic volumetric strain.
We confirm that the difference between the maximum and minimum value is the largest

for f=40.
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Figs.3.18, 3.25, and 3.32 show the distribution of mean effective stress for § = 20, 5,
and 40, respectively. The localization of the mean effective stress becomes apparent at a
small axial strain in the case of §=40. Fig.3.19, 3.26, and 3.33 show the distribution of

the excess pore water pressure for =20, 5, and 40, respectively.

3.3.1.3 Analysis with Material Function ®,

For comparison, we conducted calculations using the model with material function ®, pro-
posed by Adachi, Oka, and Mimura (1987a) . Material function ®, is a strain-softening
term which describes softening when the stress approaches the failure line. The viscoplas-

tic strain rate is given as

v af,
&r =7 (0 (h) 857 (3.59)
i
in which
Dy(8) =1+¢ (3.60)
MioyM;y
&= ax e Eﬁzn(n;‘nn—n;‘n ) (3.61)
’ { I o) }
where 7, is the relative stress ratio defined by
- * * " « 1/2
Moy = {(nij - 771']'(0)) (m-j - 772‘]'(0))} (3.62)

M7 is the failure stress rate, set to be 1.09, and Gj is a viscoplastic parameter, set to
be 10 in the calculation. The other material parameters are set to be the same as those
listed in Table 3.3 for NC clay. The increment of time and the axial strain for each step

are also set to be the same.

The computed results are shown in Figs.3.34~3.40. As shown in Fig.3.34, the calcula-
tion diverged before the axial strain reached 7%, since the model rapidly became unstable

around the failure line. The geometry of the shear bands is different from that obtained

by the proposed model.

49



Deviatoric stress (kPa)

800 800 : T '
NG, p=5 /\\
_~ — ‘ i \:
< : o H ? H
£ o0 Seop T
2 : a
o ! o
8 ‘ 2
& 400 o 5 4001 4
L : 0
£ : t
s ; $
& 200 - % 200} 1
] §
< ' : : <
0 i A i i 0 ; i i
0 5 10 15 0 200 400 800 800
Average axial strain (%) Mean effective stress (kPa)
(a) Stress-strain relations (b) Stress paths
Figure 3.20: Undrained compression test for NC clay (8=5)
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Figure 3.25: Distribution of mean effective stress (kPa) for NC clay (8=5, Undrained)
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Figure 3.26: Distribution of pore water pressure (kPa) for NC clay (8=5, Undrained)
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Figure 3.31: Distribution of viscoplastic volumetric strain for NC clay (3=40, Undrained)
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Figure 3.32: Distribution of mean effective stress (kPa) for NC clay (8=40, Undrained)

39883

298.42

W82

388 01

0.6%

40808 ) 488.73 553.89 528,85

LULEL S5386.
4081 AXE
077 .. 4 535 52811
1.0% 2.0% 5.0% 9.0%
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3.3.2 Analysis of Overconsolidated Clay

Herein, we will discuss the calculated results for the overconsolidated clay of OCR=5.9,
and then compare the results for 8 = 0 and 3=40. Results are shown in Figs.3.41~3.48
for 8 = 0, Figs.3.49~3.56 for § = 40. Figs.3.41(a) and (b) show the average stress-strain
relation and the average stress path for § = 0, while Fig.3.42 shows the stress paths for
each element. Figs.3.49(a) and (b) show the average stress-strain relation and the average
stress path for 3 = 40, while Fig.3.50 shows the stress paths for each element. Note that
the calculation diverged at an axial strain of around 10% in some elements, that is, along
the edge and the center of the specimen, specifically, elements 1 and 91~95 for 8 = 0,
where the viscoplastic strain is concentrated, which is confirmed in the deviatoric stress-
average strain relations for the elements in Fig.3.43. When § = 40, the calculation firstly
diverged around the average axial strain of 4% at the center of the specimen, namely, at

element 94 and 95 as confirmed in Fig.3.51(c).

Let us compare the average vertical stress-average axial strain relations in Fig.3.41(a)
and Fig.3.49(a). In the case of § = 40, the degradation of the shear strength can be
described, while the average vertical stress continues to increase when § = 0. The de-
formed meshes at axial strains of 0.6%, 1.0%, 2.0%, 5.0%, 10.0%, and 15.0% are shown
in Figs.3.44 and 3.52 for =0 and f= 40, respectively. The figures confirm that the
model considering structural changes demonstrates a more apparent localization zone in
a similar way to the NC .clay. Figs.3.45 and 3.53 compare the distribution of the accu-
mulated viscoplastic deviatoric strain 77 of § = 0 and § = 40. The shear bands show
different geometries. In the case of ﬁ = 0, shear bands developed from the four edges of
the specimen, while in the case of 8 = 40, they developed similarly from the four edges,

and appeared to double at an axial strain of 5%.

Figs.3.46 and 3.54 compare the distribution of accumulated viscoplastic volumetric
strain for 8 = 0 and B = 40. Note that viscoplastic volumetric expansion occurs in the
shear zone, while viscoplastic volumetric compression occurs in the shear bands in the

NC region as shown before. The localization is more apparent when 5=40.
Figs.3.47 and 3.55 provide the distribution of mean effective stress for 8 =0 and g =40.

Figs.3.48 and 3.56 show the distribution of excess pore water pressure for 8 =0 and § =40.

These figures show localization associated with the distribution of viscoplastic strain.
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3.4 Numerical Simulation of Partially Drained Com-

pression Tests

In this section, we show the simulation of partially drained compression tests. The finite
element mesh is the same as that used in the previoius section, as shown in Fig.3.2. The
boundary surface is also the same except that the top surface of the specimen is set to be
permeable in order to permit pore water to go out of the specimen. A constant axial strain
rate of 0.0015%/min is given, the time increment for each step is 10 s, and the increment
of the average strain is determined as Ae;; = 0.00025%. Note that a small value of excess
pore water pressure, at the most 15 kPa, is generated in all the simulations. This implies

that the specimen is compressed in partially drained conditions.

The initial conditions and the material parameters for NC and OC clays are the same
as those used in the previous section listed in Tables 3.2 and 3.3. Numerical analyses are

conducted with and without structural changes as shown in Table 3.4.

Table 3.4: Material Parameters 3 (Partially drained conditions)

NC oC
Without structural changes B=0 B=0
With structural changes (5=20 (=40

3.4.1 Analysis of Normally Consolidated Clay

Let us see the calculations for NC clay. Simulation results are shown in Figs.3.57~3.63
for 8 =0, namely, the original model and Figs.3.64~3.70 for 8 =20, namely, the model
considering structural changes. Fig.3.57 shows the average vertical stress-average axial
strain and average stress path for § =0, and Fig.3.58 shows the stress paths of the top,
the center, and the bottom elements of the specimen for § =0. Similarly, Figs.3.64 and
3.65 show the results for § =20. Average vertical stress increases continuously in the case

of 3 =0, while it temporarily decreases and begins to increase again in the case of 3 =20.
Figs.3.59 and 3.66 compare the deformed meshes for 3 =0 and 8 =20. Figs.3.60 and

3.67 compare the distribution of accumulated viscoplastic deviatoric strain v?. In the

case of 3 =0, the distributions almost show symmetry for upper and lower parts at every
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stage. In the case of 3 =20, viscoplastic strain develops in the upper part, and shear bands
are more apparent in the upper part, namely, near the permeable boundary, than in the
lower part, in particular, at axial strains of 2.0%, 5.0%, and 10.0%. A similar tendency
is observed for the distribution of viscoplastic volumetric strain, as shown in Figs.3.61
and 3.68. Hence, the concentration of viscoplastic strain at the permeable surface is more
apparent in the model considering structural changes. The angles of the shear bands are

evaluated later.

Figs.3.62 and 3.69 show the distribution of mean effective stress for /=0 and §=20;
they confirm that the localized zone is more apparent in the case of § =20. Figs.3.63 and
3.70 show the distribution of pore water pressure for §=0 and $=20. We confirm that
the difference of pore water pressure between the top and the bottom of the specimen is

larger for f=40. *
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Figure 3.69: Distribution of mean effective stress (kPa) for NC clay (=20, Drained)

888 209 3584 10.70 990

8.537.

34 351 337, 3.511§
2 04 03 DABJ

0.4

0.6% 1.0% 2.0% 5.0% 10.0% 15.0%
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3.4.2 Analysis of Overconsolidated Clay

Let us look at the calculations for the OC clay. Figs.3.71~3.77 provide the results for
#=0 and Figs.3.78~3.84 for #=40. The average stress-strain relation, the average stress
path, and stress paths of the elements for §=0 are shown in Figs.3.71(a), (b), and 3.72.
Figs.3.78(a), (b), and 3.79 show the results of =40 in the same way. The model which

considers structural changes describes the degradation of shear strength.

The deformed meshes are shown in Figs.3.73 and 3.80 for =0 and 5=40, respectively.
It appears that the specimen exhibits asymmetric deformation at the upper and the lower
parts in the case of 8=40. For the lower parts, the horizontal (x-direction) displacement
on the side of the lateral specimen is larger than the upper parts at axial strains of 5.0%,
10.0% and 15.0% shown in Fig.3.80.

Distribution of accumulated viscoplastic shear strain for § =0 and#=40 is shown in
Figs.3.74, and 3.81. It should be noticed that viscoplastic shear strain is larger, and shear
localization is more apparent in lower parts than upper parts of the specimen especially
after axial strain of 5.0% in the case of § =40 as shown in Fig.3.81, while, in the case of
B =0, the distribution appears to be almost symmetric for the upper and lower part of
the specimen. It seems that the expansion due to positive dilatancy can be diminished
by compression due to drainage near the permeable surface. As a result, the deformation

is concentrated in the lower part of the specimen.

Figs.3.75 and 3.82 show the distribution of viscoplastic volumetric strain for § =0
and =40, respectively. Viscoplastic compression occurs in the shear zone for both cases.
Figs.3.76 and 3.83 compare the distribution of the mean effective stress for § =0 and
£=40. Figs.3.77 and 3.84 show the distribution of pore water pressure for § =0 and
(=40. For both, localization is apparent in the case of § =40.
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3.4.3 Angles of Shear Bands

Fig.3.85 compares the directions of the shear bands for the NC clay during undrained
compression. The angles are obtained from the distribution of viscoplastic deviatoric
strain 7P at an axial strain of 5%. The angles are estimated as 44.1° for =0, 44.4°
for f=5, 42.3° for 3=20, 41.7° for =40, and 44.7° for the model with ®,. It appears
that a larger value for § gives a smaller value for the angle of the shear band. The angles
are smaller for the proposed model than for that obtained from the model with material

function ®, by 3~4 degrees.

Fig.3.86 demonstrates the angles of shear bands for the OC clay during undrained
compression. The angles are calculated from the distribution of 7 in the same way. The
angles are estimated at 52.7 ° for =0 and at 55.4° for 8=40. The values of angles for
OC clays are larger than those for the NC clay. A larger value for § results in a larger
value for the angle. This is the opposite tendency to that of the NC clay.

Figs.3.87 and 3.88 show the estimated angles of the shear bands for NC and OC clays
in drained compression, namely, 42° for =0 and 40° for $=0 for the NC clay (see
Fig.3.87), and 44° for f=0 and 42° for §=42 for the OC clay (see Fig.3.88). In the case
of =20 for the NC clay, and §=40 for OC clay, the most pronounced shear bands are
considered. The angles are relatively small compared to those obtained during undrained
compression for both NC and OC clays. Angles for the OC clays are larger than those
for the NC clay in the same way as that under undrained conditions. A larger value for
leads to a smaller value for the angle for both NC and OC clays. It seems that localization

of viscoplastic compressive strain results in small angle of shear bands.
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3.5 Summary

The effect of structural changes on strain localization was studied in this chapter. Nu-
merical simulations of behavior under undrained and drained compression conditions were
conducted under plane strain conditions with displacement control. The obtained conclu-

sions are summarized as follows:

1. In every case of the analysis, specifically for NC and OC clays in both undrained
and partially drained conditions, the numerical results using the constitutive model
which considers structural changes provide more apparent strain localization than

those obtained from the original model.

2. During undrained compression for the NC clay, the angles of the shear bands depend
on the value of structural parameter 3; a larger § value provides a smaller value for

the angle of the shear band.

3. During undrained compression for the OC clay, viscoplastic expansion occurs in the
shear bands, while viscoplastic compression occurs in the NC clay. The angles of

the shear bands are larger than those of the NC clay.

4. During drained compression, the deformation is concentrated on the upper parts of
the specimen for the NC clay and on the lower parts for the OC clay apparently
when structural changes are considered. This is one phenomenon of the localization

of compressive strain.

5. During drained compression, the angles of the shear bands are smaller, namely, the
shear bands are inclined, than those of the undrained compression. We believe that

the shear bands decline as the compressive strain proceeds.
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Chapter 4

EFFECT OF STRUCTURAL
CHANGES ON CONSOLIDATION
ANALYSIS

4.1 Introduction

Many researchers have reported that the behavior which appears to be associated with the
collapse of the soil structure can be recognized during the consolidation process. Bishop
and Lovenbury (1969) conducted constant stress creep tests under drained conditions on
undisturbed clay, and observed a sudden increase in the strain rate (see Fig.4.1). They
concluded that the phenomenon was a form of instability which appears to be associated
with a modification of the soil structure. Leroueil, Kabbaj, Tavenas, and Bouchard (1985)
and Kabbaj et al. (1985) carried out oedometer creep tests on Champlain sea clays, and
reported similar behavior, that is, a temporary increase in the settlement rate under a
constant load (see Fig.4.2). Concerning field cases, anomalous pore pressure behavior
during the consolidation of soft clay has been reported by many researchers. Mitchell
(1986) related that pore pressure stagnation or a continuous increase after all fill placement
occurred because of a structural breakdown during compression. Furthermore, Leroueil
(1988) and Kabbaj, Tavenas, and Leroueil (1988) observed pore water increases after the
completion of the construction of test embankments, reflecting the fact that the effective

stress temporarily diminished in the stress-strain curve (see Fig.4.3).

The prediction of these phenomena by numerical methods has been studied since the

1980s. Kabbaj, Oka, Leroueil, and Tavenas (1985) analyzed one-dimensional creep tests
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Figure 4.1: Sudden increase in strain rate during drained creep tests on Pancone clay (Bishop 1969)

Figure 4.2: Sudden increase in strain rate during oedometer tests on Batiscan clay (Kabbaj et al. 1985)

by the finite-difference method using an elasto-viscoplastic constitutive model (Oka 1981),
in which different values for the viscoplastic parameters were chosen with the strain rate.
They showed that the strain rate remained momentarily constant during creep simula-
tions around the preconsolidation pressure, whereas the experimental results showed a
temporary increase in the strain rate. Asaoka, Nakano, Noda, and Kaneda (2000) also
conducted analyses of one-dimensional consolidation using an elasto-plastic model with
a super-subloading surface concept for the structured soil. They proved that the inho-
mogeneity of pore water pressure; stress, and void ratio distributions caused by softening
could be reproduced. Oka, Tavenas, and Leroueil (1991) conducted a finite element anal-
ysis on a sensitive clay foundation beneath an embankment using an elasto-viscoplastic
constitutive model, in which volumetric strain-softening terms were introduced. The an-
alytical results were in better agreement with the observations than the model without
softening terms, while the actual increase in pore water in the test embankment could not

be reproduced.

In this chapter, the finite element analysis of one-dimension consolidation is conducted
using the elasto-viscoplastic constitutive model proposed in the previous chapter, which
takes into account the effect of structural changes, in order to study the performance
of the model with respect to unstable behavior during consolidation. The ability to
predict unstable behavior during consolidation is evaluated with reference to pore water

generation and the changes in strain rate with time, and also to the distribution of axial
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strain in the soil layer.

4.2 Finite Element Formulation

For a boundary value problem related to the soil-water coupled consolidation problem, the
finite element method based on Biot’s two-phase mixture theory (Biot 1962) is adopted.
Both the grain particles and the fluid are assumed to be incompressive for simple formu-
lations. The infinitesimal strain is valid in this problem since large deformations are not
expected. A four-node quadrilateral element with a reduced Gaussian two-point integra-
tion is used for the displacement, and the pore water pressure is defined at the center of

each element based on Akai and Tamura (1978).
The effective stress tensor o}; and its rate form ¢&;; are defined as
Oij = 04 + Unlij , (4.1)
Gij = 6l + i (4.2)
where o;; is the stress tensor and u,, is the pore water pressure.
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For the discretization of the equilibrium equation of the solid-fluid mixture, the bound-

ary I' of closed domain V can be separated into two parts, namely,
F=Tr+T, (4.3)

in which I'r and I', are the boundaries where the stress rate component and the defor-
mation rate are predicted.
On boundary I'z,
dijn]‘ = T’z (44)
where n; is the ith component of the unit vector normal n to the surface.

Applying the principle of virtual work to the equilibrium equation in the incremental

form gives the following:
/V G106:;dV = /V &105dV + /V 8306 15dV = /F T,80,dT (4.5)

in which ¢;; is the stress rate tensor, d;j is the effective stress rate tensor, 1, is the rate
of the pore water pressure, d¢;; is the virtual strain rate tensor, and du; is the virtual
displacement rate vector. The body force is disregarded here.

Next, the equations in matrix form are used in the finite element formulation; the
following vectors and matrixes are defined. Total stress rate vector {d}, effective stress

rate vector {¢'}, and strain rate vector {¢} are

-

Oz Oza Exa
dwy O-;y '.Yzy

Displacement rate vector {#} and nodal displacement rate {4*} are

(i = { } (i} = { } (47

Pore water pressure rate vector {u,} is

(i} = { i (4.8
0

Eq.(4.5) can be written in matrix form as

/V (67 {6} dV = /V (667 {5} dV + /V (66)7 i) dV = /F fpay" {T,}dr  (4.9)
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Displacement rate vector {} in the element is defined with the shape function [N] as

{a} = [N{a"}, {du} = [N]{du"} (4.10)

Strain rate vector {¢} and volumetric strain rate {€,} in the element are given as
{e} =[Bl{a"}, {o¢} =[B]{ou"} (4.11)
é, = {B,} {0*}, 8¢, = {B,}" {6u*} (4.12)

where [B] is the matrix which transforms the nodal displacement into strain, and {B,} is
the vector which transforms the nodal displacement into the volumetric strain.

In Eq.(4.9), the following is approved:

("
/V (6617 {iy) dV = /V (6200, 08,5, 0%y} 4 1y 5 dV = iy /V 5é,dV (4.13)
0

The relation between effective stress rate vector {6’} and strain rate vector {¢} for an

elasto-viscoplastic model is given by

{0’} = [D]{e} - {o7} (4.14)

in which [D] is the matrix of the elastic modulus and {¢*} is the relaxation stress vector

given as
{o"} = [D]{e"} (4.15)
Substituting Egs.(4.10)~(4.14) into Eq.(4.9) and dividing by {6a*}" produce

(K] {i'} + i {F0} = [ [BI" {o"}dV + {F} (4.16)
(&) = [ (B]" D] [B]dv (4.17)
(K.} = [ {B}av | (4.18)
[F} = /F (NY"{T.} ar (4.19)
The pore water pressure is described by the following finite difference scheme.

U, t+At — Yw,t
rat Pwt 4.20
At ( )

Uy =

Finally, the discretization of the weak form of the equilibrium equation is obtained as

follows:
[K] {AU*} + uw,t—l—At {Kv} = Uyt {Kv} + {AQ} : (421)
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where

(AQ) = At /V B (5"} dV + At{F) (4.22)

in which {Au*} is the displacement increment vector at nodes ({Au*} = At {u*}).

Next, the equation of continuity is derived from the equation of the balance of mass

and the equation of the motion of fluid as

k
é'u = = Uy (423)

w

in which k is the coefficient of permeability and <, is the density of the pore water.

The implicit backward finite difference scheme is used in the approximation of Eq.(4.23). -

S, b
oV
Uwi

Uw . Pore water pressure of the center
Uwi . Pore water pressure of element /

Figure 4.4: Discritization of pore water pressure

Referring to Fig.4.4,

4
{K,} {Au"} = —Buy pnc + > Bittwigya (4.24)
=1
k‘Atbz 4 '
Bi=— , B=Y 5 (4.25)
/7/1U L‘;i i=1

is obtained by the discretization of the continuity equation (4.23).
Combining Eqgs.(4.21) and (4.24) yields the force-stiffness formulation for the element

( K] {K,} ){ {Au*} }:{ (K.} uwy + {AQ} } (4.26)

as
T : 4
{K,} 8 U st+ At Y1 Bilbwittat

4.3 One-Dimensional Consolidation Analysis

The behavior of sensitive clay during one-dimensional consolidation is numerically exam-

ined by the finite element analysis. As shown in Fig.4.5, the initial thickness of the soil
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Figure 4.5: Finite element meshes and boundary conditions

sample is 10 cm with twenty five elements, the top of which is set to be permeable while
the bottom is set to be impermeable.

The coefficient of permeability is given by
k=koexp{(e—e0)/C;} (4.27)

Calculations are performed for normally consolidated (NC) clay and overconsolidated
clay (OCR=2.0). The initial conditions of the calculations are shown in Table 4.1. An
excess pore pressure level of 1160 kPa, which is twice as large as the compression yield

stress, is applied as the initial loading for all the analyses.

Table 4.1: Initial conditions of the simulations

Initial value NC OCR=2.0
Initial mean effective stress o, (kPa) 580 294
Coeflicient of earth pressure Kj 0.5
Initial pore pressure u, ) (kPa) 1160

The material parametefs for the Tsurumi Pleistocene clay are used in the analyses, as

listed in Table 4.2. For comparison, calculations with 8 = 0, corresponding to the original
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Figure 4.6: Simulations of undrained triaxial tests for OC clay

s

model without considering structural changes, are conducted for both NC and OC clays.
Simulations of undrained triaxial compression tests for NC clay have been already shown
in Fig.2.7, and simulations of undrained triaxial tests for OC clay are shown in Fig.4.6 to

evaluate the material parameters.

Let us begin with NC clay. The vertical settlement vs. time and the vertical strain rate
vs. time curves are shown in Figs.4.7 and 4.8. The vertical strain rate exhibits a sudden
increase at around 2000 seconds after loading when structural changes are considered,
namely, § = 20, while it exhibits a monotonous decreases when § = 0 (see Fig.4.8).
Consequently, the displacement at the end of the calculation, when $=20, is almost three

times as large as that when 5 = 0 (see Fig.4.7).

The generation of excess pore water pressure for element 25, namely, the bottom of the
clay layer, is shown in Fig.4.9, which confirms that the pore water pressure temporarily
increases after 2000 seconds with an increasing strain rate in the case of 3 = 20. The
stress path of the elements at the center of the clay layer for § = 0 is shown in Fig.4.10.
The average e-logo,, relation for all the elements is shown in Fig.4.11(a), and the e-logo’
relations for the top, the center, and the bottom of the elements are shown in Fig.4.11(b)
in the case of § = 0. Similarly, the stress paths, the average e-logo}, relation, and e-logo?
relations for each element in the case of 3 = 20, are shown in Figs.4.12 and 4.13(a) and
(b), respectively. When =20, the mean effective stress decreases once and then increases
again along the K line, as shown in Figs.4.12, while it continuously increases when 3 = 0,

as shown in Fig.4.10. Figs.4.13(a) and (b) demonstrate a temporary decrease in the mean
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Table 4.2: Material parameters used in the simulations

Parameters NC OCR=2.0
Coefficient of permeability ko(m/s) 0.8 x107°
Permeability change index C} 0.1
Elastic shear modulus Go(kPa) 36100 22500
Compression index A 0.508
Swelling index & 0.0261
Initial void ratio eq 1.70
Compression yield stress o/ ,; (kPa) 580
Stress ratio at maximum compression M 1.09
Viscoplastic parameter m' 18.5
Viscoplastic parameter Cy (1/s) 1.3 x10713 | 4.0x10713
Structural parameter oy, (kPa) 300 290
Structural parameter § 20 45

effective stress for the average e-logo,, curve. Similar tendency is observed for the test

embankment shown in Fig.4.3 (Leroueil 1988)

The distributions of axial strain, pore water pressure, and mean effective stress during
consolidation are presented in Figs.4.14, 4.15, and 4.16 for § = 0. In the same way,
distributions are presented in Figs.4.17, 4.18, and 4.19 for § = 20. It is seen from
Fig.4.14 that the axial strain is almost homogeneously distributed at the early stage
of the calculations, while its distribution provide apparent inhomogeneity just after an
increase in strain rate in the case of § = 20, as shown in Fig.4.17. The axial strain for
element 1, namely, at the top of the clay layer denotes 1.7% and that for element 13,
namely, at the center of the clay layer denotes 1.2% at 5000 s when =0 (see Fig.4.14).
On the contrary, the axial strain denotes 12% at the top and 2% at the center of the
clay layer at 5000 s when =20 (see Fig.4.17). The localization of axial strain, that is,
compressive deformation in this case, is promoted by the structural changes. The pore
water pressure decreases at the beginning of the consolidation, then temporarily increases,

and finally dissipates at the end of the consolidation (Fig.4.18).

Next, let us see the results for the OC clay. Similar tendencies are obtained for the

differences between § = 0 and § = 20. The vertical settlement-time and the vertical
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strain rate-time curves and the pore water generation with time are shown in Figs.4.20,
4.21, and 4.22. The vertical strain rate suddenly increases after stagnation at around
20000 seconds; the excess pore pressure also shows a temporary increase when structural

changes are taken into account, in other words, 8 = 20, as shown in Figs.4.21 and 4.22.

The stress path, the average e-logo;, relation, and e-logo! relations for each element
for § = 0 are shown in Figs.4.23 and 4.24(a) and (b). Similarly, they are shown for § = 45
in Figs.4.25 and 4.26. For the stress path in Fig.4.25, the point marked by * denotes the
point at which the stress path goes out of the overconsolidation boundary surface. The
mean effective stress decreases once along the Kj line, takes the value at around 900 kPa,
and then returns to the maximum value of 1100 kPa, as shown in Figs.4.25. Figs.4.26 (a)
and (b) show a temporary decrease in the mean effective stress for the e-logo!, relation.
This is the similar tendency obtained for the NC clay. The distributions of axial strain,
pore water pressure, and mean effective stress are shown in Figs.4.27, 4.28, and 4.29 for
B =0, and in Figs.4.30, 4.31, and 4.32 for 3 = 45, respectively. As is seen for the NC clay,
the strain distribution shows a higher degree of inhomogenity when structural changes

are considered.

Furthermore, the calculations are conducted using the elasto-viscoplastic constitutive
model with material function ®,, proposed by Adachi, Oka, and Mimura (1987a), which is
introduced in the previous chapter. Material function ®, describes strain-softening when
the stress reaches the failure line. M} is the failure stress rate and G73 is the viscoplastic
parameter. Simulations of the undrained triaxial test for G5 = 10 and M} = 1.09 have
already been shown in Fig.3.5. The remaining parameters are the same as those listed
in Table 4.2 for the NC clay. The results of the consolidation analysis cannot describe
unstable behavior, and they are almost the same as those of the original model, as shown
in Figs.4.33~4.35. The model with material function ®, describes instability just around

the failure stress ratio line, and cannot predict unstable behaviors during consolidation.

4.4 Summary

In this chapter, one-dimensional consolidation analyses were conducted using the elasto-
viscoplastic constitutive model considering the structural changes proposed in Chapter 2.
The computed results were compared using the proposed model, the original model, and

the model with softening term .
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The proposed model considering structural changes can reproduce types of unstable
behaviors during consolidation such as a sudden increase in the strain rate and the tem-
porary increase in pore pressure after stagnation for both NC and OC clay, while the
original model and the model with ®, cannot reproduce those types of behavior. More-
over, the distributions of axial strain, when we take into account structural changes in
the constitutive model, exhibit apparent inhomogenity. Specifically, the deformation is
concentrated on the upper part of the clay layer. This phenomenon of the compressive
strain localization due to the collapse of the structure is associated with compaction bands

which may cause a large displacement.
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90



)1/2
v -
)

=1

(=]

T

g
<

800 |-

(=3

o

=1
T

Deviatroic stress (S.S,
E-3
[=3
o
H

200 |-

CK lin
- Rl |e

Element 13 ]
(| i N

200 400 600 800 1000 1200 1400
Mean effective stress 0" (kPa)

Fig.4.23

Void ratio e

-
-
1

-
o

-
~
!

-
=3
T

—
[24]
T

12

“100

Mean effective stress (kPa)

Fig.4.24 (a)

Void ratio e

------- Eiement 1
------ Element 13
Element 25
1.2 I R X1 i
100 1000

Mean effective stress (kPa)

Fig.4.24 (b)

Figure 4.23: Stress path at the center of the clay layer for OC clay (8=0)
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Chapter 5

ELASTO-PLASTIC
CONSTITUTIVE MODEL FOR
SOFT ROCK CONSIDERING
INITIAL STRUCTURAL
ANISOTROPY

5.1 Introduction

It is well known that the mechanical behavior of most natural deposits is anisotropic
due to the growth of anisotropic microstructure formed during the sedimentation process.
Tavenas and Leroueil (1977), Ohtsuki et al. (1981), and Leroueil and Vaughan (1990)
showed that the shape of the yield curve for overconsolidated clay and weak rock indicates
that the material is anisotropic. Boehler and Sawczuk (1977) showed that sand, clay
and stratified rock have the directional character of mechanical properties in the load -
deformation relations and in the conditions of failure. They remarked that diversity in the
mechanical response with orientation or in the privileged plane of transverse isotropy can
be seen. Another investigation in the deformation and the strength properties of oriented
rock was carried out by Lo and Hori (1979). They analyzed the deformation behavior of

soft rock in terms of the cross-anisotropic elastic theory.

In this chapter, we propose an elasto-plastic constitutive model for soft rock consider-

ing initial structural anisotropy and discuss a performance of proposed model by applying
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the model for the triaxial test results of soft sedimentary rock sampled in the different

directions.

In order to introduce the initial structural anisotropy to the constitutive model, the
tensor products of the vector which specifies a privileged direction are used following
Boehler and Sawczuck (1977). In the present study, the isotropic constitutive model
with strain-softening, proposed by Adachi and Oka (1995), is extended to an anisotropic
mode!l which can describe not only strain-softening behavior and dilatancy, but also the
anisotropic behavior of soft rock. As for the direction dependent plastic deformation,
Boehler’s anisotropic theory is adopted to formulate the constitutive model. In the deriva-
tion of the model, the Cauchy stress tensor components are replaced by transformed stress
tensor components which are expressed by a function of the stress tensor and the struc-
ture tensor that deScribes the direction of the sedimentation plane. The validity of the
proposed model for soft rock is verified through comparisons between simulated results of

triaxial tests and the experimental data.

5.2 Modeling of Anisotropy

In general, anisotropy of geomaterials is considered to be divided into two components,
namely, stress induced anisotropy and inherent anisotropy. It is difficult, however, to
distinguish between the two components for natural deposits. We consider the anisotropy
of soft sedimentary rock to be structural anisotropy which contains both induced and
inherent anisotropy. Although anisotropy may change with loading and other factors,
for simplicity, only the initial structural anisotropy is taken into account in the present
study. In other words, the structural anisotropy of soft rock, formed in the sedimentation

process, is assumed not to change with loading.

Several methods have been proposed to describe the anisotropy of natural deposits by
the constitutive model. In most of those models, natural deposits have been assumed to
be transversely isotropic, sometimes called cross-anisotropic. Soft rock is also assumed to
be transversely isotropic body in this model; the mechanical behavior would be isotropic

in the bedding plane.

It has been pointed out that the behavior of natural deposits is characterized by

the characteristic plane. Oda and Nakayama (1989) used a fabric tensor to formulate
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the anisotropic constitutive model for soils. Boehler and Sawczuk (1977) explained the
directional strength of solids through the use of a structural tensor. A similar manner
is adopted and the isotropic model for soft rock proposed by Adachi and Oka (1995) is

extended to an anisotropic one.

It is well known that soils exhibit anisotropy in both the plastic deformation and the
elastic regions (Graham, Nooman and Lew (1983)). In the case of transversely isotropic
elastic materials, five independent parameters are required for the formulation, which is a
generalized Hooke’s law (Love 1927). Graham and Houlsby (1983) proposed a convenient
parameter which expresses the ratio between the horizontal and the vertical stiffness for
the modified elastic matrix. Lo and Hori (1979) discussed how to determine the five
elastic parameters by performing uniaxial compression tests. Kirkgard and Lade (1991)
obtained undrained test results from triaxial tests on cubical sampled clay in both vertical
and horizontal directions, and determined the elastic parameters from the test results.
Shinjo and Komiya (1984) presented a method for determining the five parameters from

triaxial compression tests on variously oriented samples.

In this model, a generalized Hooke’s law is adopted for elastic deformation and Boehler’s
theory is used for plastic deformation; an anisotropic constitutive model is proposed for
soft sedimentary rock. In the constitutive model, the total strain increment is the sum of

the elastic strain increment and the plastic strain increment.
dey; = def; + dey; (5.1)

In the following section, the formulation of anisotropy for elastic strain and plastic

strain values will be summarized, respectively.

5.2.1 Anisotropy of Elastic Stain

The generalized Hooke’s law is given as follows:

{o} = [Dl{e} (52)
{e} =D {o} (5.3)

where [D] is the elastic stiffness matrix which is symmetric.

The generalized Hooke’s law for the transversely isotropic elastic body is given as
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follows:

[ ewe | [ 1/BE: —vye/BEy —ves/Es 0

0 0 Ozz
Eyy —vya/ By /By —vye/Ey 0 0 0 Tyy
€22 | | ~Vez/Ex ~vy/E, 1/E; 0 0 0 Oz
Eay 0 0 0 1/2G, 0 0 Oy
£y 0 0 0 0 1/2Gu 0 Oy
L [ | L 0 O 0 O O (1+V$Z)/E$ J _O-Zil? d
(5.4)
Y(z,)
A
n
- >X(z)
Z(z, Z, T,
(a) When 0=0 (b) When 6 #0

Figure 5.1: Structural tensor

There are five independent elastic moduli, namely, E;, E,, vy, vy,, and Gy,. Eq.(5.4)
gives the stress-strain relationship for the case in which the normal to sedimentation plane
coincides with the major principal stress axis, in other words, angle 8 is equal to 0° | as
shown in Fig.5.1(a). If angle § is not equal to 0° , as shown in Fig.5.1(b), the axis of
stiffness matrix [D] must be rotated. Considering a sedimentation plane which inclines 6
degrees from the horizontal surface around the Z(= Z’) axis, [D] must be defined by the
(x1, 19, 13) coordinate which corresponds to principal stress directions. Stiffness matrix

[f)] is expressed by rectangular coordinate (1, z9,z3) as follows:

D] = QI (D] (@] (5.5)
[ 2 2 Lo lals A
m? m3 m3 myimo Mo mM3my
n? ns n2 NN NoNs nsny

211m1 2l2m2 2[37’)13 l1m2 <+ ming l2m3 + Mong l3m1 + mg3ny

2m1n1 2m2n2 2m3n3 MNg + MMy Moy + Mons lgml + man,

27’L1[1 27L2l2 2n313 n112 + TLllg 7’L2Z3 + 77,2[3 n3l1 -+ n311 ]
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Iy =cosf, I3 =sinf, I3=0
mi; = —sinf, mg =cosf, m3 =20

ng=0, no=0, ng=1
As a result, the anisotropic elastic strain increment is given by the following equation.
-1
{de*} = [D]  {do} (5.6)

There are five independent elastic moduli, £y, By, Vg, Vye, and Gy,. Following the work
of Shinjo and Komiya (1984), these parameters can be determined from the results of
drained triaxial compression tests for three kinds of specimens with different 8, namely,
6 = 0° (vertical), # = 90° (horizontal), and 0° < § < 90° (inclined).

5.2.2 Anisotropy of Plastic Strain

Boehler’s theory is adopted for the formulation of the plastic anisotropic deformation. In
that theory, stress tensor o;; is replaced by transformed stress tensor 6;;.

The transformed stress tensor is expressed by the function of stress tensor o;; and
structural tensor M,; which describes the effect of anisotropy. Structural tensor M;; is

defined as a tensor product of unit vector n; which is normal to the sedimentation plane.
My=n®n;, (i,7=123) (5.7)

As shown in Fig.5.1(a), when the sedimentation plane coincides with the X — Z plane,
namely, angle # = 0° , components of the structural tensor can be expressed by the

(X,Y, Z) coordinate which corresponds to the (z1, z2, z3,) coordinate, as follows:

0 0 00 0
[ M ] = ®|1]|=]010 (5.8)
0 0 00 0

where ® denotes the tensor product.
If § # 0°, as shown in Fig.5.1(b), structural tensor M;; must be expressed in the

(71,9, 23) coordinate which corresponds to principal stress direction as

) = [RIMR] (5.9
cosf —sinf 0 0 0 0 cosf sinf O
= sinf cosf O 010 —sinf cosf 0
0 0 1 000 0 0 1

99



sin® @ —sinfcosf 0
= —sinfcosf cos? @ 0
0 0 0

in which [R] is the matrix of the orthogonal tensor components that expresses the rotation

(—@) around the Z axis.

cos(—6) sin(—0) 0 cosf —sinf 0O
[R] = | —sin(—0) cos(—0) 0 | = | sinf cosf O (5.10)
0 0 1 0 0 1

The transformed stress tensor needs to satisfy the objectivity, and it is assumed to be
expressed by a linear form of the stress tensor o;;. Furthermore, it can be expressed by a
linear form of structure tensor Mij since MikMkj = Mij is satisfied. Following Boehler’s

theory (1977), a sifnplified form of the transformed stress tensor &;; is given as
Gij = (a+7— 28)(MynOn) My + y035 + (8 — 7) (Mikonj + 0 Mij) (5.11)

in which a, #, and v are three independent plastic anisotropic parameters. Although,
in general, five parameters are necessary for transversely isotropic material, only three
parameters are employed to satisfy the condition that &;; = yo;; for isotropic materials
(Boehler and Sawczuk 1970).

The components of §;; is expressed as follows:

611 = (a+7—28)(MmnOmn) sin? 0 + yo1; + (8 — 7) (201 sin? @ — 2015 sin 0 cos §)

12 = (a+7v-— Zﬁ)(anomn)(— sin f cos 0.) + 012 + (B — ) {12 — (011 + 092) sin G cos 6}
613 = o3+ (B —7)(0135in? 8 — 093 5in 0 cos 6)

021 = 012

Gas = (47— 20)(MunOmn) c08% 0 + y029 + (B — 7) (2099 cos® § — 2015 sin § cos 6)

Ga3 = o3+ (B — 7)(093cos® 6 — o138in  cos §)
031 = O3
032 = O3
G33 = 7033 A (5.12)
in which
MO = 011 802 0 + 099 cos? 0 — 2015 sin 0 cos 6 (5.13)

Adachi and Oka (1995) proposed a constitutive equation for soft rock with both

strain-hardening and strain-softening based on the elasto-plastic constitutive equation
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Figure 5.2: Plastic potential and overconsolidation boundary surface

with memory and internal variables. The anisotropic plastic strain increment is given
by replacing the stress tensor with the transformed tensor in both the yield function
and the plastic potential function. The evolutional equation is introduced for the plastic
deformation on the basis of the non-associated flow rule.

Ofp

963

de}; = H dfy (5.14)
in which f, is the yield function, f, is the plastic potential function, and H is the strain
hardening - strain softening function.

An overconsolidation boundary surface that defines the boundary between the over-
consolidated (f, < 0) and the normally consolidated (f, > 0) regions, shown in Fig.5.2, is
defined. The boundary surface is expressed as
Om+b

=0 5.15
Omp + b ( )

+ M, 1n

3

fo=

where b and o,,, are the material parameters, and 7] is the stress ratio invariant given as

A

. 1
. SiiSii \°
1= (o) (5.16)
(Gm + D)
in which S’ij is a deviatoric component and &,, is a spherical component of transformed

stress tensor 4;;.

In the proposed model, a stress history tensor which denotes a memory of stress with
respect to the strain measure, was introduced. Stress history tensor o; is expressed by
an exponential type of kernel function as

o= /oz exp[— (2 — 2') /7] [0y (2) — 0i5(0)] dz’ + 0;(0) (5.17)

17 T
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in which ;;(0) is the stress tensor when z is equal to zero. Here, z is a strain measure

defined by the second invariant of deviatoric strain increment de;; as

(MBS

dz = (dez-jdeij) (518)

Stress history tensor o7; is also transformed to 67; by Eq.(5.11). The yield function can

be written as
fy=7"—Kr=0 (5.19)

where n* is a stress history ratio invariant given by

1
1 Sx Gx \ 2
ok ok o ax N2 1717
= (mjmj) = <—&:n2 ) (5.20)
in which S;‘] is a deviatoric component and &;, is a spherical component of transformed
stress history tensor 67;. Strain hardening - softening parameter « is assumed to increase
with the progress of the plastic deviatoric strain invariant as

G'(M? — k)?
dk = —ﬂ*———)-dyp (5.21)

M;

In the above equation, M7 is a value of the stress ratio at the large strain strength state

and 7" is an accumulated plastic strain invariant, namely,
1
P = /dyp, dyP = (defjdeij (5.22)
where def; is the plastic deviatoric strain increment tensor.
The following plastic potential function is used.

Om + b
fp: =

+Mln =
Omp + b

0 (5.23)

e

In the overconsolidated region (f, < 0), M is obtained by

~

Y n
M - _1—6'717,:5- (524)
n Ombt+b

After the stress state has reached the normally consolidated region (f, > 0),
M = M, (5.25)

is always valid. Here, M,, is the value of 77 at which maximum compression takes place.
Taking account of the above relations, the plastic strain increment tensor is given as

follows:

~

. - o 0.4 f]* R 6kl
v ATy (g7 Q| | e O
dg” [ n T ( 77) 3 } lﬁ* g 3

- . (5.26)

] dé3, M;?
m G (M~ i)
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5.3 Application to Soft Sedimentary Rock

In order to discuss the performance of the proposed model, we apply the model to soft
sedimentary rock, called Tomuro stone. Firstly, we present the experimental results of
drained triaxial compression tests on variously oriented samples, performed by Kobayashi
(2000), Oka et al. (2002), and Adachi et al. (2002). Secondary, numerical simulations
using the proposed model are presented, and finally, we compare the experimental results

with numerical simulations.

5.3.1 Drained Triaxial Compression Tests of Tomuro Stone

Tomuro stone is a tuffaceous soft rock and a kind of Ohya stone which is produced in
the Tomuro district of Ohya Town in Tochigi Prefecture located in north eastern part
of Japan. In Ohya Town, tuffaceous soft rock layers of volcanic origin, called green tuff,
exist. The sedimentation of these layers occurred 20 million years ago in the sea. The
layers are inclined at 8-9 degrees with respect to the horizontal plane. Tomuro stone has
fewer black or dark brown spots that contain montmorillonite and zeolite, etc. (Sudo
and Shimada 1978). A block sample was vertically sampled from the Tomuro district;
it is assumed that the plane of sedimentation mostly coincides with the horizontal plane
in this location. As shown in Fig.5.3, the plane normal to vertical axis Y is called the
sedimentation plane in the following. The specimens for the triaxial tests were cut in
several directions from the block sample. Angle 6 is defined as an angle between normal

to sedimentation plane and the symmetrical axis of cylindrical specimen.

Y-direction( 8 =0" )
0=30"
A v R
.

Sedimentation plane 6=60"

\

\ rd
Y
/) /

Y —#——— /{/ X-direction( § =90" )

IS
X Z-~direction( §=90" )

z
Figure 5.3: Sampling directions

The results obtained from drained triaxial compression tests are summarized as follows.
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Figure 5.4: Experimental results (Kobayashi 2000)

Relationships between deviator stress ¢(= o1 — 03) and deviatoric strain e;; for con-
fining pressure of 0.19 kPa are shown in Fig.5.4(a). Typical strain-softening behavior is
observed, in other words, the stress increases at an early stage of shearing; reaches a peak
stress, and then decreases and approaches a residual strength. The peak strength changes
with angle # and the minimum value is found to be around #=60° in all cases. In addition

to peak strength, the initial rigidity also changes with angle 6.

Fig.5.4(b) shows the relationships between volumetric strain v and deviatoric strain
e11. the volumetric strain is compressive at the early stage of shearing, thereafter, it starts
to expand before reaching the peak strength. Dilatancy characteristics also depend on
the angle of #, and volumetric compression at the early stage of shearing decreases when
angle 6 becomes larger. The volumetric expansion at a large level of strain differs from
6=0° to =90° , and the minimum amount of volumetric expansion occurs around =45

°, as seen in Fig.5.4(b).

5.3.2 Simulation of Drained Triaxial Tests

Four different models, namely, (I ) an isotropically elastic - plastic model which is a
perfectly isotropic model, (II) an anisotropically elastic - isotropically plastic model in
which the anisotropy of the elastic strain is considered, (IIl) an isotropically elastic -
anisotropically plastic model in which the anisotropy of the plastic strain is considered,

and (IV) an anisotropically elastic - plastic model in which the anisotropy of both the
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elastic strain and the plastic strain are considered, are used in the simulation of drained

triaxial compression tests.

Constant strain rate drained triaxial compression tests under a confining pressure of
0.19 MPa are simulated using each constitutive model. The material parameters used
in the analyses were determined from the vertical cut specimen (#=0° ); they are given
in Table 5.1. The elastic anisotropic parameters are determined from drained triaxial
compression tests in different direction and listed in Table 5.2. The plastic anisotropic
parameters «, §, and v were determined from the relations between peak strength and

the angle of sampling direction as listed in Table 5.3.

Table 5.1: Material parameters for soft rock

Strain softening-hardening parameter G’ 6000.0

Strain softening-hardening parameter M; 1.90
Plastic potential parameter b (MPa) 1.96

Overconsolidation surface parameter M, 0.50

Overconsolidation surface parameter o,,, (MPa) || 8.82

Stress history parameter 7 0.017

Table 5.2: Anisotropic elastic parameters

E, (MPa) 900

E, (MPa) 1020
Vye 0.0613
Vs 0.267

Gye (MPa) 190

Table 5.3: Anisotropic plastic parameters

o 0.90
g 1.05
v 1.0
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(1)Analysis I (Isotropically elastic - plastic model)
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Figure 5.5: Analysis I (Isotropically elastic - plastic model)

The calculated results of the deviator stress q - deviatoric strain e;; relations and the
volumetric strain v - deviatoric strain e;; relations are shown in Fig.5.5. Naturally the
isotropic model cannot describe the angle §-dependent material properties, although it

can describe the experimental results of the vertical specimen (6 = 0° ) well.

(2)Analysis I (Anisotropically elastic - isotropically plastic model)
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Figure 5.6: Analysis II (Anisotropically elastic - isotropically plastic model)

The relations between deviator stress ¢ and deviatoric strain e;; as well as volumetric

strain v and deviatoric strain e;; are shown in Fig.5.6. The anisotropic elastic parameters
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are listed in Table 5.2. The model can simulate the experimental findings that the initial
rigidity as well as the peak strength changes with angle 8, defined as the angle between
the sedimentation plane and the direction of the major principal effective stress, and
that they take their minimum values around #=45° . It can more or less describe the
stress-strain relationship and dilatancy behavior at the early stage of shearing. However,
it cannot express the behavior during the softening process up to the residual strength,

nor can it describe the anisotropy of the residual strength.

(3)Analysis II (Isotropically elastic - anisotropically plastic model)
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Figure 5.7: Analysis Il (Isotropically elastic - anisotropically plastic model)

The relations between deviator stress ¢ and deviatoric strain e;; as well as volumetric
strain v and deviatoric strain ey; are shown in Fig.5.7. The elastic parameters are Young’s
modulus £F=900 MPa and Poisson’s ratio v=0.0613. The anisotropic plastic parameters
are listed in Table 5.3. The model can simulate the angle # dependency of the stress-strain
relations as well as the dilatancy characteristics; it also can express changes in both peak
and residual strengths according to the changes in angle . However, it cannot describe

the angle # dependency of the initial rigidity.

(4) Analysis IV (Anisotropically elastic - plastic model)

Fig.5.8 displays the relations between deviator stress ¢ and deviatoric strain e;; as
well as volumetric strain v and deviatoric strain e;;. The anisotropic elastic parameters
and the anisotropic plastic parameters are the same as those used in Analyses I and III.
Variations in initial rigidity, peak strength, residual strength, and dilatancy characteristics

with respect to angle 6, are simulated well in Fig.5.8. The model can accurately describe
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Figure 5.8: Analysis IV (Anisotropically elastic - plastic model)

A

the experimental results, except for that it underestimates the amount of volumetric strain

during the residual stage.

5.3.3 Comparisons and Evaluation of the Four Models
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Figure 5.9: Change in peak strength with respect to angle 8

In order to find the most appropriate constitutive model, the analytical and the exper-

imental results are compared with respect to peak strength ¢,,4,, residual strength ¢,

maximum volumetric strain v,,,,, and Young’s modulus E.

The relationships between peak strength ¢,,, and angle 8 are shown in Fig.5.9. From

the comparison, it is obvious that Analysis IV is superior in regard to explaining the

experimental results. Analyses II and Il overestimate the peak and the residual strengths,

and they show that the strengths take their minimum values at § = 45° while the
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experimental results take their minimum values at 6 = 60° .
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Figure 5.10: Change in residual strength with respect to angle §

Fig.5.10 shows the relations between residual strength g..; and angle §. In cases of
anisotropic plasticity, namely, Analyses Il and IV, the residual strength takes its minimum
value at around 6= 45° . On the other hand, if anisotropic plasticity is not taken into

account, such as with Analyses I and II, the residual strength has a constant value.
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Figure 5.11: Change in maximum volumetric strain with respect to angle 8

Fig.5.11 shows the relations between maximum volumetric strain vq, and angle 6.
All the analyses underestimate the amount of maximum volumetric strain vy,;. Analyses

I and IV quantitatively explain the decrease in v,,4; With an increase in 6.

Fig.5.12 illustrates the relations of Young’s modulus E and angle 8. In cases where

anisotropic elasticity is introduced, namely, Analyses I and IV, the elastic aspect of the
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Figure 5.12: Change in Young’s modulus with respect to angle

experimental results can be well explained.

From the above discussions, it can be concluded that Analysis IV is superior in re-
gard to explaining the experimental findings, and that the anisotropic elasticity describes
anisotropic deformation up to the peak strength, while anisotropic plasticity mainly con-

trols the behavior after peak to residual strength.

5.4 Summary

An elasto-plastic constitutive model for soft rock has been extended to an anisotropic
model based on the transformed stress concept. The proposed model was then applied to
the anisotropic behavior of soft rock, and a comparison was made between the analytical
results of the isotropic model and those of the anisotropic model. An extended elasto-
plastic model in which anisotropy is considered in both elastic and plastic deformations
can reproduce transversely anisotropic characteristics, namely, the angle # dependency on
soft rock obtained by the triaxial tests, except for that it underestimates the amount of

volumetric strain during the residual stage.
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Chapter 6

EFFECT OF INITIAL
STRUCTURAL ANISOTROPY OF
CLAY ON STRAIN
LOCALIZATION

6.1 Introduction

Studies on the anisotropy of natural clays have shown that they exhibit anisotropic stress-
strain and strength behavior, but the anisotropy varies for different soils. Mitchell (1972)
conducted triaxial tests on one-dimensionally consolidated clay which is sampled hori-
zontally and vertically, and found that the strength is about 10% greater for the vertical
specimen than for the horizontal one. Kirkgard and Lade (1991) performed undrained
triaxial tests on intact specimens of San Francisco Bay mud clay trimmed in horizontal
and vertical directions, and showed that the undrained shear strength is greater for the
horizontal specimens at a higher confining pressure. Dunkan (1966) has summarized the
data of the variation of compressive strength with orientation of the sample, and showed
that the relationship between strength and the sampling direction was different for each
clay. Furthermore, Adachi et al. (1991) conducted triaxial tests on Eastern Osaka clay
sampled at different angles of 0° ,30° ,60° , and 90" from the sedimentation plane.
They observed that the maximum strength is obtained with the 0 angle, and the min-

imum strength is obtained with the 60° or the 90° angle (see Fig.6.1).

In this chapter, the effect of the anisotropy on strain localization is studied. Undrained
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Figure 6.1: Experimental results of Eastern Osaka clay sampled in different directions
(Adachi et al. 1991)

compression tests for a specimen with different angles of the sedimentation plane are
simulated using the elasto-viscoplastic constitutive model which is extended to describe
the anisotropy of the viscoplastic strain. Simulations are conducted under plane strain
conditions with displacement control. The way to express anisotropy in the constitutive
model is similar to that of the elasto-plastic model for soft rock proposed in Chapter 5;
the transformation stress concept by Boehler and Sawczuk (1977) is used for viscoplastic
strain. We evaluate the effect of anisotropy on strain localization as well as the stress-
strain relation and the stress path. Since the shape of shear bands strongly depend on
the anisotropic viscoplastic parameters, parametric studies on the anisotropic parameters

are conducted.

6.2 Anisotropy of Viscoplastic Strain

It should be noted that the anisotropy of the viscoplastic strain is considered, and the
anisotropy of the elastic strain is disregarded in this chapter in order to evaluate the effect

of the viscoplastic anisotropy on shear localization.

Based on Boehler’s theory, stress tensor o;; is replaced by transformed stress tensor
0i;. The transformed stress tensor is given in the previous chapter as
6 = (@ + v = 28)(MmnOmn) Mij + v0ij + (8 — ’Y)(Mikvkj + Uz‘kMkj) (6.1)

in which M;; is the structural tensor which describes the direction of the symmetrical axis

for the transversely isotropic body, and which is defined as a tensor product of the unit
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Figure 6.2: Definition of angle # and boundary conditions

vector which is normal to the sedimentation plane. «, §, and 7 are three independent

plastic anisotropic parameters.

In the analysis under plane strain conditions, stress components 0gz, Ggy, Oyy, and o,
are used. Hence, the components of the transformed stress tensor 0z, Oy, Oyy, and G,,,

are considered here as follows:

6us = (047 —28)(MupnOmn) sin? 0 + v0,4 + (8 — 7) (2040 sin® § — 20, sin 6 cos 6)

Goy = (a+7— 25)(anomn)(— sin 0 cos 0) + Yoy + (8 — ¥) {0zy — (0as + 0yy) sin O cos 0}
6y = (47— 28)(Mun0mn) o8> 0 + v0y, + (8 — 7)(204y cos® 6 — 204, sin 6 cos )

in which

MO = Oz Sin% 0 + 0y cos? 0 — 204, sin 6 cos § (6.3)

Angle 6 is determined as the angle between the normal to the sedimentation plane and the
y—direction in the z— plane, in other words, the angle of inclination of the sedimentation

plane from the horizontal plane, namely, the  — z plane, as shown in Fig.6.2.

The finite element formulation for the strain localization analysis was already pre-

sented in Chapter 3. Numerical simulations of undrained compression tests under plane
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strain conditions with displacement control were conducted, using the elasto-viscoplastic
constitutive model considering both structural changes and viscoplastic anisotropy. It
should be noticed that structural changes are considered, in other words, structural pa-
rameter §,, which is represented as § in Chapter 2, is set to be 20 in all the calculations,
in order to obtain the apparent shear localization. Structural changes do not of course
effect the anisotropic behavior. Stress components are replaced by the transformed stress
components to obtain the viscoplastic strain, namely, the overconsolidation boundary
surface, the static yield function, and the plastic potentiai surface are expressed by the

transformed stress in the elasto-viscoplastic constitutive equation.

The finite element mesh and the boundary surface are the same as those used in
the simulations of undrained compression tests in Chapter 3 as shown in Fig.6.2. The
specimen is 10 cm fn height and 5 ¢cm in width with two hundred elements. The constant
axial displacement is set to be 0.005%/min. - Simulations are performed for NC clay at
,60° ,and 90° . The

o

different angles of the sedimentation plane, namely, #=0" , 30

material parameters are shown in Table 6.1.

Table 6.1: Material parameters used in the analysis

Parameters NC
Coefficient of permeability ko(m/s) 0.8 x107°
Elastic shear modulus Gy(kPa) 36100
Compression index A 0.508
Swelling index & 0.0261
Initial void ratio e 1.70
Cyompression yield stress o,,,, (kPa) 580
Stress ratio at maximum compression M, 1.09
Viscoplastic parameter m’ 18.5
Viscoplastic parameter Cy (1/s) 1.3 x107%3
Structural parameter a;,;af (kPa) 300
Structural parameter J; 20
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Figure 6.3: Classification of anisotropic parameters of «, #, and

6.3 Anisotropic Parameters a, 3, and ~

In a previous study, the effect of anisotropic parameters «, (3, and -y on the peak strength
in the elasto-plastic model was evaluated in simulations of triaxial compression tests. We
have confirmed that the effect of the anisotropic parameters on the peak strength are the

same for both the elasto-plastic model and the elasto-viscoplastic model.

From the relationship between the peak strength and angle 6, sets of parameters «,
B, and 7 can be classified into thirteen groups, namely, Type I+, Type L+, Type J+,
Type U, Type J-, Type L-, Type I-, Type I'+, Type r+, Type A, Type r-, Type I'-,
and Type O, as shown in Fig.6.3. Changes in peak strength with respect to angle 6 for
each type are illustrated in Fig.6.4. The effect on the strength depends on the ratio of
the anisotropic parameters. For Types I'-, I+, L+, and J+, the peak strength reaches
the maximum value when angle §=0° . For Types J-, L-, I-, and '+, the peak strength
yields the maximum value when angle 6=90" . For Type U, the maximum values for
the peak strength are reached at angles of #=0" and 90" . For Type A, the minimum
value for the peak strength are obtained at angles of 6=0" and 90° . Type O gives the

isotropic model, in which the transformed stress tensor coincides with the stress tensor.

Based on this study, we conducted numerical analyses on ten sets of anisotropic pa-

115



y A A A A
. o . o k=
s
R R 2 g &
+ 1
& o= 5 LR -
o K [a)
22 G2 2 & - T
= & = =~ &=
5 S o °© <
< «< < <«
Yr3uauars yva g Y1 3ua41s Y02 J Y13u2.43s Y2 g Y18ua41s Y03 H13udHS A0
A A A
) DO o
=S N K
1
- o
o a e o
- - 2
= ~
= © °
< +-— <
<
y13uauals y0a g Y18ua.1s Y2 J Y18ua.418 Yo g
A
A A A A
s : : :
= 2 2 2
o +
g 4 < . & . .
-+ o wy @ v, W [7a)
. w, @ h =
B~ - = - = - = =
[ = o
© . 5 .
= [ o [
B —
D E— << <€ <«
y13ua.ys ypa g
y18us.ys yvog y13u2438 yva J Y1 Bua438 Y2 g yr8uails ypa g

Type L-

Type 1-

Figure 6.4: Changes in peak strength with angle 6 for each type

116



rameters which are denoted by e in Fig.6.3 for sedimentation angles of 6=0° ,30° , 60° |,

and 90° . The values are listed in Table 6.2. Parameter « is set at 1.0 in all analyses.

Table 6.2: Sets of anisotropic parameters used in the analysis

Type | I+ {J+ | U [ J- | L- | - [r+ | A |- | -] O
Jé) 12114114114 ]10108]06|06|06(1.0}1.0
v 141121100606 |06|08|1.0({14]14]1.0

Let us see the simulation results for each type of angle =0" . Figs.6.5(a) and (b)
show the distribution of viscoplastic deviatoric strain at axial strains of 0.6%, 1.0%, 2.0%
and 5.0%, and deformed meshes at an axial strain of 5.0% for the specimen of angle
6=0" . Shear bands are formed symmetrically in all the simulations. The angles of the
shear bands are obtained from the distribution of viscoplastic deviatoric strain at an axial
strain of 5.0% as shown in Fig.6.6. The angles of the shear bands are slightly different for

each type, and a minimum value of 41° is obtained for Type J-.

Figs.6.7(a) and (b) show the distribution of the viscoplastic deviatoric strain with
axial strain and deformed meshes for the specimen with an angle #=30" . The shear
localization strongly depends on the anisotropic parameters. For Types r+, A, and r-,
the shear localization occurs at the edge of the specimen, and an apparent band is formed.
Fig.6.8 compares the angle of shear bands determined from the distribution of viscoplastic
deviatoric strain at an axial strain of 5.0%. A shear band forms in the direction across the
sedimentation plane for Types I'-; I+, J+, and U, while it forms in the direction along
the sedimentation plane in other cases. The angles of shear bands decrease from Type I+
to J+ to U and to J-. Next, they increase from Type J- to L- to I- and to r+. Then,
they decrease again to Type I'-. The maximum value of a shear band is obtained at 57"

for Type r+, and the minimum value is obtained for Type J-.

Figs.6.9(a) and (b) show the distribution of viscoplastic deviatoric strain with axial
strain and deformed meshes for the specimen with an angle #=60" . Fig.6.10 compares
the angles of the shear bands. Apparent shear bands form in Types J-, L-, I-, A, and
r-. The angles of the shear bands increase from Type J+ to U and to J-. Next, they
decrease to L- to I- and to r+. Then, that increase again to Type r-. This tendency is
opposite to that of the 30° angle. A maximum value of 58 ° is obtained for Type r-,

while a minimum value of 39° is obtained for Type J+.
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Figs.6.11(a) and (b) show the distribution of viscoplastic deviatoric strain with axial
strain and deformed meshes for the specimen with an angle #=90° . The shear localization
forms symmetrically in all cases. The geometry of the shear bands at an axial strain of
5.0% is compared in Fig.6.12. For Types J-, L-, and I-, two shear bands are formed, while

in the other cases, four bands are formed. A minimum value of 38 ° is obtained for Type

r+.

For comparison, simulations with other sets of anisotropic parameters are performed
in the case of an angle #=30" . Parameters are denoted with * in Fig.6.3 and are listed

in Table 6.3. The distribution of the viscoplastic deviatoric strain with axial strain and

Table 6.3: Sets of anisotropic parameters used in the analysis

Type | I+ |J+ | U | J- | L- | I- {r+ | A | r- | -
Jo) 1.1112112{12]10]09]08]08]0.8|1.0
¥ 12111100808 108[09{101.2]1.2

deformed meshes are shown in Figs.6.13(a) and (b), and the angles of the shear bands
are demonstrated in Fig.6.14. Let us compare Fig.6.14 and Fig.6.8 which shows the
previous results. Although the obtained angles of the shear bands are larger for all types
in Fig.6.14, similar tendencies can be seen except for Types r+, A, and r-. The largely
different values between # and 7y provide the large values for the angles of the shear bands,

and an apparent shear band is formed when an angle is large enough.

Next, let us see the obtained results from another respect. Fig.6.15~6.25 demonstrate
the stress-strain relations and the stress paths with the distribution of viscoplastic devia-
toric strain for each type. These figures are for comparing the results of different angle 6
values. The distribution of the viscoplastic volumetric strain, mean effective stress, and

the pore water pressure are shown for Type J- in Fig.6.17.

We start with the results of Type O, an isotropic model. This calculation has already
been performed in Chapter 3 in the simulation of undrained compression tests for struc-
tured soil. The results for angles of =0" , 45" ,60° , 90" are naturally the same, as
shown in Fig.6.15. Let us see the case of Type I+ shown in Fig.6.16. From the previous
work (Adachi et al. 1991, see Fig.6.1), Eastern Osaka clay is classified in this type from
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the changes in peak strength with angle 6. In this type, the peak strength obtains the

maximum value at 6=0" and the minimum value at #=90" .

The characteristics of Tomuro Stone can be classified into Type J+ from the exper-
imental results presented in the previous chapter. The maximum value for the peak
strength is obtained at #=0" , and the minimum value is obtained at §=60° . Shear
localization occurs across the sedimentation plane in the simulation for angle §=30" , as
shown in Fig.6.17. It should be noted that the simulation is conducted under plane strain
conditions, while the experiments were performed under triaxial stress state. Hence, sim-

ulations should not be simply compared with experimental results.

In the case of Types U and A, shown in Figs.6.18 and 6.23, the stress-strain relations
and the stress paths coincide between 0° and 90° , and 30° and 60° , respectively.
Shear bands form symmetrically in the case of 30° and 60° . For Types J-, L-, and I-,
the strength of angle =90 is much larger than that for other angles.

When an apparent shear band is formed, namely, angle §=60" for Type J- (see
Fig.6.19), angle #=60" for Type L- (see Fig.6.20), angle 6=30" for Type r+ (see Fig.6.22),
angle 6=30" and 60° for Type A (see Fig.6.23), and angle #=30" and 60° for Type r-
(see Fig.6.24), a sudden decrease in the average vertical stress is observed in the average

stress-strain relation.

From Fig.6.19, we confirm that the distribution of mean effective stress and the pore
water pressure also show anisotropy. The difference of the pore water pressure in the

specimen is, however, less than 1.0 kPa.

6.4 Summary

In this chapter, the effect of anisotropy on the strain localization was evaluated. The
characteristics of shear localization strongly depend on the angles of the sedimentation
plane. Shear bands form symmetrically in the case of the isotopic model, while they form
asymmetrically in the case of the anisotropic model, except for angles of 6=0" and 90° .
The form of the shear bands depend on the set of anisotropic parameters, namely, «,
3, and v, and there is a tendency for each type classified by the relationship between

the peak strength and angle . Concerning the average stress-strain relation, the average
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vertical stress decreases suddenly after the peak stress when an apparent shear band is

formed.

In future studies, further investigation into the development of shear bands in anisotropic

structural clay are necessary.
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Chapter 7

CONCLUSIONS AND FUTURE
WORK

7.1 Summary and Conclusion

In the present study, the effect of structural changes and anisotropy were introduced to an
elasto-viscoplastic constitutive model for clay and an elasto-plastic constitutive model for
soft rock. The proposed models for clay were applied to numerical simulations of strain
localization and also to a one-dimensional consolidation. The following conclusions were

obtained from the present study.

In Chapter 2, the effect of structural changes, namely, the collapse of the microstruc-
ture, was introduced to the elasto-viscoplastic model proposed by Adachi and Oka (1982).
Structural changes were described as the shrinking of the overconsolidation boundary sur-
face and the static yield function, with an increasing viscoplastic strain. The proposed
model was applied to undrained triaxial tests on Tsurumi clay, and compared to experi-
mental results with reference to stress-strain relations and stress paths. It was determined
that the model can well reproduce the mechanical behavior of structured clay. In the
slightly overconsolidated region, however, the stress path cannot describe the actual be-
havior well. The instability of the proposed model was evaluated during both undrained
creep and secondary consolidation. The model can be unstable around the failure stress
ratio line in both NC and OC regions. Moreover, during secondary consolidation, namely,
under a constant stress, the model exhibited instability depending on the set of structural
parameters. It should be noted that the unstable region in this model depended not only

on the current stress state, but also on the strain history.
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In Chapter 3, the effect of structural changes in the constitutive model on strain lo-
calization was examined by a numerical simulation of the shear tests with displacement
control under plane strain conditions. Simulations were performed for both undrained
and partially drained conditions. From comparisons of the proposed model and the orig-
inal model, the shear localization was more apparent in the proposed model, considering
structural changes than that obtained from the original model. Under drained conditions,
the deformation was concentrated on the upper parts of the specimen for the NC clay
and on the lower parts for the OC clay. This is a phenomenon of the localization of com-
pressive strain. As for the angles of shear bands, larger values for structural parameter J,
which describes the rate of degradation of the structure, provided smaller values for the
angles of shear bands.

In Chapter 4, an unstable behavior during consolidation was reproduced using the
proposed model by a numerical simulation of a one-dimensional consolidation. According
to the simulation results, types of unstable behavior such as pore water generation and a
temporary increase in the strain rate can be described. The distribution of axial strain in
the clay layer exhibited higher inhomogeneity, which corresponds to a compaction band,

than that of the original model.

In Chapter 5, an elasto-plastic constitutive model for soft rock has been extended
to an anisotropic model based on the transformed stress concept. The proposed model
was applied to drained triaxial tests on Tomuro stone sampled in different directions.
From comparisons of the experimental results and the simulations, an extended model
considering both elastic and plastic anisotropy can well reproduce the anisotropic behavior

of soft rock, namely, the angle dependency on the deformation.

In Chapter 6, the transformed stress concept was applied to the elasto-viscoplastic
constitutive model, and then extended to the anisotropic model. Undrained compression
tests with different angles for the sedimentation plane were performed using the extended
model in order to evaluate the effect of anisotropy on strain localization. The shape of the
shear bands strongly depended on the angle of the sedimentation plane. The tendency of
shear localization also depended on the anisotropic parameters. If the difference between
the anisotropic parameters was large, an apparent shear band formed with a large angle,

nearly 60° , when the sedimentation plane inclined at 30° and 60° from the horizontal
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plane.

The proposed model, which considers the soil structure, can indeed reproduce unstable
behavior concerning compressive deformation as well as shear failure, while the original
model, with material function ®,, cannot describe instability during the consolidation
process. The extended anisotropic model for soft rock and clay can describe the diverse

anisotropy of geomaterials well.

7.2 Recommendation for Future Work

Topics for future research are suggested based on the findings of this work. Subjects that

deserve future investigation include the following.

The present model for clay is based on the elasto-viscoplastic theory. Since it is known
‘that the behavior of clay is viscoelastic for small levels of strain, it is necessary to consider
the viscoelasticity in order to explain more accurately the deformation characteristics of

clay.

The effect of structural changes on strain localization was analytically studied in Chap-
ter 3. To complete the development of the constitutive model and to reveal the mechanism
of the localization, further experimental research on structured soils with respect to strain
localization is required. In addition, these studies can be applied to practical problems

such as slope failure.

In the proposed anisotropic model, only the initial structural anisotropy is considered.
To describe real behavior, however, anisotropy induced by stress and/or strain should
also be taken into account. Furthermore, the actual behavior of the shear localization
for specimens sampled with different angles is needed in order to evaluate the proposed
model. In particular, the direction of the shear band to the sedimentation plane should

be investigated.
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