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ABSTRACT

Two modes have been identified in the earthquake induced
damage to soil structures and foundations associated with excess
pore water pressure rise in saturated sand. One involves complete
flow failure due to reduction in soil strength of saturated sand.
This mode of damage is essentially analyzed with a simple static
approach by comparing post-earthquake residual strength of sand
with initial stress due to gravity. The other invoeolves limited,
but often large, amount of deformation due to significant
reduction in soil stiffness but without invelving mechanism of
failure in soil. The mechanism inducing this mode of damage 1is
called cyclic mobility. The c¢yclic mobility occurring in the
loose sand is often called "liquefaction" in practice but in the
present study the mechanism which does not involve the failure
in soil will be called cyclic mobility. The cyclic mobility,
often called liquefaction, plays a significant role in earthquake
induced deformation in soil structures and foundations as often
revealed in the case histories during past earthquakes.

In assessing amount of earthquake induced deformation in
gs0il structures and foundations, a simple but physically feasible
model is needed for representing essential features of cyclic
mobility. Many approaches have been proposed for medeling of
cyclic mobility but, up to the present, none of the proposals
seem to be so successful as to be readily applicable in practice
of soil dynamics and earthquake engineering. The main problems
widely seen in the previous studies are (1) inadequate modeling

of initially anisotropically consolidated soil and (2) numerical
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vulnerability associated with the stress path in the vicinity of
the failure line.

An attempt is made in this study to solve these problems.
The proposed model is of a generalized plasticity type defined
in the strain space. The concept of multiple mechanism is used
as a vehicle for decomposing the complex mechanism into a set of
simple mechanisms defined in one dimensional space. Each virtual
simple shear mechanism is assumed to follow a hyperbolic relation
in the virtual stress and strain space. These virtual simple
shear mechanisms play a key role in idealizing the so0il behavior
under the initially anisotropic ceonsolidation condition.

In order to overcome the numerical difficulty, a simple
scheme 1is proposed; modeling of cyclic mobility, not as a
vyielding process, but as a process in which the scale of the
shear strain is gradually enlarged as the effective stress path
approaches the failure line. To define the "distance” to the
failure line, the concept of "liquefaction front” is introduced
in the effective =stress space as an envelope of current stress
points., The liquefaction front, originating from the envelope of
initial effective stress points, gradually approaches the failure
line as the cyclic mobility proceeds as a function of plastic
shear work. The liquefaction front is used to define plastic
volumetric strain as well as to define the scale for enlarging
shear strain.

Mathematical formulation of the present model results in
incremental as well as integrated constitutive equations. 1In
particular, the tangent stiffness matrix in the incremental

relation becomes symmetric, ensuring the efficiency in the
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numerical analysis, whereas the integrated constitutive relation
serves as a guide, ensuring the convergence on the physically
feasible stress strain relation. Number of the parameters of the
present model is ten; two for elastic behavior, two for plastic
shear, and the rest for dilatancy.

Numerical analysis with a single soil element indicates that
the present model, under undrained cyclic lcoading condition, is
capable of representing the rapid as well as gradual increases
in the shear strain amplitude greater than several percent in the
manner consistent with the laboratory data.

According to the present approach, actual simple shear
mobilizes most of the wvirtual simple shear mechanisms but
obviously degree of the mobilization depends on the directions
of +the wvirtual mechanisms. The virtual mechanism most
significantly mobilized is the one which is oriented to the
direcﬁion of the actual simple shear. Anisotropic consolidation
mainly mobilizes the virtual simple shear mechanisms oriented to
or close to the compression shear mode but does not have a
significant influence on the virtual simple shear mechanisms
oriented close to horizontal direction. When the cyclic simple
shear begins in the horizontal direction, the latter group of
virtual mechanisms are the main mechanisms being mobilized. Thus
the behavior of soil under cyclic simple shear lcading with
bulging of so0il constrained as in the 1level ground is not
affected by the initial anisotropic consclidation conditions if
the initial mean effective stress is kept the same. This is
consistent with the laboratory findings.

When the bulging of the soil is not constrained, the results
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vii
of the single element analysis show the limit in decreasing value
of effective mean stress and the gradual settlement with bulging
in the soil element, suggesting reasonable applicability in the
two dimensional analysis of soil structures and foundations.

In order to examine the overall applicability of the present
model in the 1level ground analysis, shaking table tests are
conducted and analyzed with the present model. The model ground
in the present study has dimensions of about 2 meters in diameter
and height, contained in a stack of 64 aluminum rings. Three
series of shaking table tests are reported in the bresent study;
two of them are shaken with a sinusoidal input motion, the rest
with an earthquake input motion. Excess pore water pressures,
accelerations and displacements are measured. The results of the
analysis indicate a fundamental applicability of the present
model in the one dimensional analysis of level ground.

In order to examine the applicability of the present model
in the two dimensional analysis, a case study is conducted on the
performance of sheet pile quay walls during 1983 Nihonkai-Chubu
Earthquake of magnitude 7.7. Quay walls with and without damage
are analyzed of which water depth is 10 meters. The damaged quay
wall displaced about 1.5 meters toward sea due to the cyclic
mobility in the backfill sand, exhibiting yielding in the steel
sheet pile at 6 meters below the water level. The quay wall
without damage was constructed by excavation without backfilling.

The results of the analysis of the damaged quay wall are
consistent with the observed deformation and the observed
Yielding of the sheet pile. The results of the analysis are also

consistent with the observed performance of the quay wall without
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damage. Thus the present approach is capable of differentiating
seriously large deformation (i.e. damage) from negligibly small
deformation (i.e. non damage) of quay walls during earthqguakes.
The analysis also provides a full understanding on the
mechanism of deformation of quay walls during earthquakes. Though
very complex stress paths are involved in the soil deformation,
e.g. with rotation of.principal stress axes due to Rayleigh wave
generated by the soil-structure interaction, fundameﬁtal
mechanism inducing residual deformation is the existence of
initial stress and its release in accordance with the cyelic
mobility. In particular, principal strains are gradually induced

mainly in the principal axes directions of initial stresses.
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NOTATION

a, b and ¢ : scaling parameters for virtual simple shear

mechanism

B = [O.5Ka,/(—0m’)0‘5]2 factor for volumetric relation

4 : parameter for specifying the level of threshold 1limit in
liquefaction resistance curve
[D] : tangential stiffness matrix

[D “)J : tangential stiffness matrix for mechanism i at loading

L/U
and unlcading
T .
= + —_ :
{e) {(Ex Ey) (Ex Ey) Yiy } transformed strain
{%QT = {ep 0 0} : additional volumetric strain of plastic

nature in transformed space; compression negative

f and g : normalized hyperbolic relation and its tangent
stiffness

G : secant shear modulus

G0 : shear modulus measured at strain level of 10_5

Gy : initial shear modulus at U; = Uw’

G; : shear modulus used for computing plastic shear work

Gm : shear modulus at the current effective mean stress U{

GU’ Gt2 and Gw : Tfactors for tangent stiffness

H hysteretic damping factor observed in the laboratory

?r hysteretic damping factor generated by the present model

ku : hardening function in plasticity theory

limiting value of hysteretic damping factor

e

hysteretic damping factor which should be generated in

the virtual simple shear

=

: hysteretic damping factor generated by the present model
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in the virtual simple éhear

h, : limiting value of virtual hysteretic damping factor

I : number of the multiple virtual mechanisms for shear

K : elastic tangent bulk modulus of soil skeleton

Ka : value of K at oh’ = Umf

K, : bulk modulus of pore water

K, coefficient of earth pressure (= 0;/0y’)

{l“)} and {IUU“)} : transformed vectors of {nﬁ)} and (nwéi)}

m = sinmf’ : inclinaticn of failure line

m, = sinmp’ : inclination of phase transformation line

m, = 0.67m2 auxiliary parameter for defining the ligquefaction
front

nm : loading/unloading direction tensor

nUMJ direction tensor of plastic strain increment

{n“)} : loading/unloading direction vector for mechanism 1

{nuén} : direction vectors of stress increments for mechanism i
at loading and unloading

n : porosity of so0il skeleton

P : excess pore water pressure; compressicn positive

Py, Py Wy and 8, : material parameters for defining cumulative
dilatancy
Q“) : virtual shear stress per unit angle 8 for mechanism i

Q“% : virtual simple shear stress amplitude per unit angle 9

Qv virtual shear strength per unit angle 8

r : state variable equivalent to t/("Um’)

k : correction factor for cumulative shear work in dilative
zone

R (1) : tangential stiffness modulus for mechanism i1 at loading

e ot M
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and unloading

S : state variable equivalent to q{/cm’

Sy liguefaction front parameter

Sw : a parameter for correction factor R

(s’ = {(Ux’+0y’)/2 (Ux’—oy’)/z Ty } : transformed stress

t : time coordinate

[TJ : transformation matrix for strain

[TU] : transformation matrix for stress

Un : normal component of displacement of the solid-water
boundary

u and v : displacements in x and y directions

W : equivalent elastic strain energy

AW : hysteretic damping energy

W, : factor for normalization of shear work

WS : plastic shear work

WSt total shear work

Wse : elastic shear work

Wu) : equivalent elastic virtual strain energy for mechanism i
Aw“) : hysteretic damping energy of virtual mechanism i

w : normalized shear work

X, ¥y and z : space coordinates
a and B : coefficients for specifying Rayleigh damping; i.e.

coefficients for mass matrix and stiffness matrix

Y : shear strain amplitude measured at drained cyclic loading
Yu) : virtual simple shear strain for mechanism i
Ymo initial reference strain

Yn : reference strain

Yy ¢ virtual reference strain
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YwB amplitude of simple shear strain
Y“g : amplitude of virtual simple shear strain for mechanism i

Yy.5 = Shear strain amplitude at G/GU= 0.5

o) : threshold value for loading criterion

€, : axial strain amplitude at triaxial cyclic testing
€.. : strain tensor

1]

T _
{er' = { € €, Yy

{ep} : volumetric strain of plastic nature; compression negative

} : strain vector

Ee : elastic volumetric strain; compression negative

€00 initial elastic volumetric strain; compression negative

9 : a parameter in Wilson's 8 scheme for time integration

ei = (i-1)A8 : angle for virtual shear mechanism i in (Ex—ey) -
YW plane

A = /I

Eh : a parameter for damping factor similar to virtual

reference strain

£ and n : normalized virtual strain and stress

£’ and 0’ : normalized virtual strain and stress scaled by
factors a, b and ¢ for adjusting the hysteresis loop

EBand Ny ¢ coordinates of reversal point in the normalized space

Er and n, - coordinates of reversal point

1] : density of water

Oy, Oy, Oy : principal stresses; compression positive

0; : initial confining pressure at triaxial cyclic testing;
compression positive

o : stress tensor

13

{0’}T = { Ux’ cy’ 'tXF } : effective stress vector

{o’u]} : virtual stress for mechanism i



Xv

cm’ = (ox’+0y’)/2 : mean effective stress; compression negative
crme’ : initial mean effective stress; compression negative

T = (al’—03’)/_2 : deviatoric stress

T : deviatoric stress amplitude in triaxial cyclic testing
T : shear strength

L : initial shear strength

a:f' : shear resistance angle

o’ : phase transformation angle




CHAFPTER 1

INTRODUCTION

1.1 General

Two modes have been identified in the earthquake induced
damage to so0il structures and foundations associated with excess
pore water pressure rise in saturated cohesionless soil. One
involves complete flow failure due to reducticn in saturated soil
strength. Thisrmode of damage 1is essentially analyzed with a
simple static ;pproach within a framework of the critical state
concept (Castroe, 1975); the analysis is done by comparing post-
earthquake residual strength of scil with initial stress due to
gravity.

The other involves limited, but often large, amount of
deformation due to significant reduction in soil stiffness but
without involving mechanism of failure in soil. The mechanism
inducing this mode of damage is called cyclic mobility.

In practice, the c¢yclic mobility occurring in 1loose
cohesionless so0il is often called ’liquefaction,’ which is
distinguished from the ’'cyclic mobility’ occurring in dense
cohesionless soil. The distinction is made by such observation
that the former cyclic mobility produceé ‘rapid growth’ in strain
amplitude under undrained cyclic loading whereas the latter
produces ’slow growth’ in strain amplitude. In the present study,
both phenomena will be called cyclic mobility as long as the
mechanism'does not involve the flow failure of soil.

For estimating amount of deformation due to the cyclic
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mobility, dynamic analysis is needed based on a simple but
physically feasible modeling of cyclic mobility. Many approaches
have been proposed for modeling of cyclic mobility but, up to the
present, none of the proposals seem to be so successful as to be
readily applicable in practice of the scil dynamics and the

earthquake engineering as will be shown in the next section.

1.2 Review of Previous Studies

1.2.1 Cyclic Mobility as Identified through Laboratory Studies

Essential features of the cyclic mobility as identified
through the previous laboratory studies may be summarized as
follows. First of all, when saturated cohesionless so0ils are
tested in the laboratory under the undrained cyclic 1loading
condition, such stress paths and stress-strain curves as shown
in Figs. 1.1 and 1.2 (after Ishihara, 1985) are usually observed.
As cyclic loading goes on, the stress path approaches from a
initial stress point to the failure lines, as shown in Figs.
1.1(a) and 1.2(a), and eventually converges on a certain limiting
stress path in the vicinity of the failure lines. The stress-
strain curve, however, does not converge on a closed hysteresis
loop; the shear strain rapidly increases in looser sand as shown
in Fig. 1.1(b}) or gradually and continually increases in denser
sand as shown in Fig. 1.2(b). Obviously the shear strain
increases beyond several percent. This is important tc note for
modeling of cyclic mobility.

It is a common practice in the s0il dynamics and the

earthquake engineering that resistance against 'liquefaction' of
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Fig. 1.1 Stress path and stress-strain curve for loose sand
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1985)
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cyclic mobility is defined in reference to the state of achieving
5 percent shear strain in double amplitude. To be more specific,
the ’liquefaction resistance’ is defined by the ratio of shear
stress amplitude over initial confining stress to achieve the
aforementioned state. The stress ratio depends on number of
cycles of loading and hence the liquefaction resistance is
represented as a relation between the shear stress ratio and the
number of cycles of loading.

initial anisotropic consolidation condition, specified by
the ratio K0 of horizontal over vertical normal stresses at an
initial stress state, affects +the 1ligquefaction resistance
obtained with simple shear testing as shown in Fig. 1.3 if the
initial vertical effective stress is used for defining the shear
stress ratio (Ishihara, et al, 1977). If, on behalf of the
initial vertical effective stress, the initial mean effective
stress is wused for defining the shear stress ratio, the
liquefaction resistance becomes independent of initial K0 value.
This is also one of the important properties of sand in the
cyclic mobility.

It is also to be noted in Fig. 1.3 that a threshold limit
exists in the stress ratio below which the ’liquefaction’ will
never be achieved even 1if number of cycles of 1loading is
increased up to more than one hundred.

Simple shear testing of sand with initial K, consolidation
condition reveals the effect of principal stress axes rotation.
Two important properties are recognized in cohesionless soil
undergoing principal stress axes rotation as follows:

(1) the rotation of principal stress axes results in greater
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amount of excess pore water pressure rise under undrained

condition (Ishihara and Towhata, 1983), and
(2) directién of principal strain increment does not coincide

with that of principal stress (Miura et al., 1986a).

Deformation properties of cohesionless soil under drained
cyclic loading condition are also important for modeling of
cyclic mobility if the model is to be applied in practice for
differentiating significantly large deformation from very small
deformation of so0il structures and foundations. The mechanism
associated with the very small deformation often involves only
a small amount of excess pore water pressure rise, being
effectively the same as that of drained condition.

The deformation properties of sand under drained condition
are studied in terms of a secant shear modulus and a hysteretic
damping factor as defined in Fig. 1.4. The secant shear modulus
and the hysteretic damping factor depend on shear strain
amplitude. Typical laboratory results are shown in Fig. 1.5 (Kong
et al, 1986; Iwasaki et al, 1978). In this figure, the factor Yo 5
for normalizing the shear strain amplitude is the shear strain
amplitude at G/G0 = 0.5. The unique relations are recognized
between G/GU and v/‘xfﬂ_5 and between h and G/Gm which are

independent of the confining pressures.

1.2.2 Previous Studies on Modeling of Cyclic Mobility

Many attempts have been made for modeling of cyclic
mobility. The models proposed out of those attempts are from time
to time modified for incorporating additional capability of

representing the complex but essential features of scil behavior
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summarized in the previous subsection. Their up-to-date
capability in representing the cyclic mobility can be seen in the
joint study conducted at the Japanese Society of Soil Mechanics
and Foundation Engineering (Ishihara et al, 1989). In this study
the participants were asked to present computed results with the
model which they believe to be the best at present. Several
outputs were asked for computation. As one of the outputs asked
for computation, stress paths and stress-strain relations of soil
under undrained c¢cyclic loading were computed under initial
consolidation conditions with K, = 1.0 and 0.5. This provides a
good opportunity for evaluating fundamental capability of the
existing approaches.

A question raised at this occasion is how to idealize the
undrained cyclic behavior of sand with initially anisotropic
consolidation. The experimental evidence suggests, as mentioned
earlier, that cyclic behavior of sand should not be affected by
the initial K, condition if the initial effective mean stress is

0
kept the same. Amplitude of cyclic change in deviatoric stress

T (01”—03’)/2, however, 1is significantly affected by the
initial Kovalue as illustrated in Fig. 1.6; i.e. the greater the
initial deviatoric stress is, the smaller becomes the amplitude
of cyclic change iIn deviatoric stress,

Seven models were examined on this opportunity. Three models
among others represent up-to-date versions of a conventional
approach for modeling of soil behavior under cyclic loading. In

these models a theoretical framework is given by the plasticity

theory, which will be briefly reviewed below.
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isotropic and anisotropic stress conditions under
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(1) Brief review on plasticity theory

The plasticity theory consists of the following concepts;

a) direction nij which differentiates loading from unlocading

(i.e. reversal loading) in stress space,

b) direction n called flow rule, which defines direction

Ly
cf strain increment deup in plastic deformation associated

with stress increment do. and

ij?
c) a scalar function HUU' called hardening function, which
defines magnitude of strain increment in plastic

deformation.

With these concepts, behavior of soil under cyclic loading is

represented through such relations as

P _ : .

den -IR (nijdcrij)nLij (if nijdoij > 0) {(loading) {(1.1)
P _ ; =

deij =0 (if nijdcij = 0) (neutral) (1.2)
P _ . .

deij -}% (nijdcij)nUij (if nijdcij < 0) (unloading) (1.3)

The direction for loading/unloading is in general specified
as an outward normal to a loading surface defined in stress
space. Similarly the direction for strain increment is specified
with a plastic potential, the hardening function HUU specified
with deformation and translation of the loading surface in stress
space. In recent years, however, both of the directions and the
hardening function are often directly specified in the stress

space.

The virtue of the plasticity theory 1is to assure the
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uniqueness of strain increment induced by arbitrary stress
jncrement; i.e. strain increment does not 'jump’ in the vicinity
of the neutral direction. This is confirmed with Eqs. (1.1)
through (1.3) because, when nﬁdoﬁ is equal to or close to zero,

these equations indeed demand that strain increment be equal to

or close to zero.

(2) Up-to—-date studies along the conventional approach

Within the framework of plasticity theory, the three
approaches mentioned earlier can be summarized as shown in Table
1.1. Pastor-Zienkiewicz model (Pastor and Zienkiewicz, 1986},
hereafter called P-Z model, is the most conventional approach
among them. The loading surface is defined in the principal
stress space, of which dimension is three and of which
coordinates are specified by three principal stresses (01, Tys
cﬁ. The loading surface deforms and translates with the current
principal stress and with its history in the prinecipal stress
space. Cam Clay model (Schofield and Wroth, 1868) is the origin
of P-Z model.

Kabilamany-Ishihara model (Kabilamany and Ishihara, 19%0),
hereafter called K-I model, uses the concept of multiple
mechanism defined in the principal stress space. Each mechanism
is defined in the two dimensional streés space each of which is
defined with two out of three principal stresses. The loading
surface is defined for each mechanism in the two dimensional
Principal stress space. The theoretical framework cof the multiple
mechanism was originally presented by Koiter (1949). Though K-I

model is often called Multi-Mechanism model, the model consists
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Table 1.1 Up-to-date models along the conventional approach

Model Name | Loading Surface | Flow Rule Hardening function
P-Z model Cam Clay Type Cam Clay Type hyperbolic
K-I model gy/pPx = const. Cam Clay Type hyperbolic
Nishi model 7* = const. Cam Clay Type hyperbolic

7%= /(715 = 711 )(D1s = Brge)

7]11-"—'511/5::'
S

pk=(0i+0j y/2, qk=(Ui"Uj )/2

deviateoric stress tensor
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of only four principal mechanisms; three aforementioned principal
mechanisms with an isotropic volumetric mechanism. In this
context, the author suggests this type of models be called
'Principal-Mechanism model’. K-I model differs from P-Z model
pecause the multiple mechanism concept is involved but it shares
such a common feature that the model is defined in the principal
stress space.

Nishi model (Nishi and Kanatani, 1990) differs from those
two because the model uses the relative stress in reference to
initial or most recent reversal stress point defined in the
general stress space of which dimension is six and of which
coordinates are specified by six stress compcnents (on, Togr T3
T1p0 Tpgo on). The relative stress is then converted to a stress
point in the principal stress space, of which dimension is three,
and the loading surface 1is accordingly defined. A major
breakthrough in defining the relative stress in six dimensional
stress space was made by Sekiguchi and Ohta (1977), of which
origin is again Cam-Clay model.

The results from these models for undrained cyclic loading
test are shown in Figs. 1.7 through 1.9. P-Z model, as shown in
Fig. 1.7, shows a closed stress path once the stress path touches
the phase transformation line. The stress-strain relation also
becomes a closed loop. Moreover the stress path becomes dependent
on the initial K, condition though the same shear stress ratio
defined with the initial mean effective stress is applied. One
may have to admit that none of these results are consistent with
the properties of soil identified through the laboratory studies

mentioned in the previous subsection.
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K-I model, as shown in Fig. 1.8, shows stronger influence
of initial K; condition and the stress-strain relation becomes a
cloéed loop when KD = 0.5. One may have to admit again that these
results are inconsistent with those identified in the laboratory
studies.

Nishi model, too, shows closed loops for stress path and
stress—-strain relation as shown in Fig. 1.9. Dependence on the
initiall% cendition is less obvious than in the results from the
other models, being more consistent with those identified in the
laboratory studies,

Though a certain improvement is seen in Nishi model, the
results presented in Figs. 1.7 through 1.9 indicate that more
work is needed for modeling of the cyclic mobility. There are
many other models which can be broadly categorized with one of
the three; e.g. the model by Sato et al(1981) is categorized with
P-Z model, the one by Aubry et al.(1982) with K-I model, and the
one by Poorooshasb and Pietruszczak (1986) with Nishi model,

among others. They seem to share a common problem as seen earlier

when they are to represent the cyclic mobility.

{3) Prospect of multiple mechanism approach

In contrast to the up-to-date versions of the conventional
approach reviewed so far, the approach propocsed by Towhata and
Ishihara(1985) offers prospect of more direct interpretation on
the effect of initial X; condition. A theoretical framework for
this apprecach is similar to that for the multiple mechanism
presented by Koiter(1949). Towhata and Ishihara (1985) postulate

that actual simple shear mechanism is associated with multiple

0 T N, COT
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virtual simple shear mechanisms oriented in arbitrary directions.
Each virtual simple shear mechanism is represented by an
inelastiec spring defined in deviatoric stress and strain space,
as shown in Fig., 1.10, in which each spring represents one
dimensional virtual stress strain relation in the virtual simple
shear.

According to their approach, the value of Koaffects many of
the virtual simple shear modes, especially does the virtual
simple shear mechanism of compression mode oriented in the
vertical direction, but it does not affect the one in the
horizontal direction. During actual simple shear, the virtual
simple shear mechanism in the horizontal direction plays a major
role. In consequence, the value of K0 does not have a significant
influence on the actual simple shear behavior of soil if the same
simple shear stress and the same effective mean sStress is used
in the simple shear testing of soil. Thus, this approach offers
a very simple and transparent interpretation of actual simple
shear mechanism,

It is, however, not readily applicable for modeling of the
cyclic mobility at the existing level of development. The
existing capability of the model as presented by Towhata and
Ishihara (1985), shown in Fig. 1.11, indicates more work is
necessary for physically feasible modeling of the cyclic
mobility.

A similar approach, which will be broadly categorized in
this study as multiple mechanism approach, was originally
proposed for modeling of clayey soil by Calladine (1871). Since

then, the prospect of the multiple mechanism approach for
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modeling the effect of principal stress axes rotation has
attracted considerable attention from the s0il engineers such as
Pande and Sharma (1683), Miura et al (1986b), Bazant (1986},
Pietruszczak and Pande (1987) and Chang (1989) among others. The
capability for modeling of cyclic mobility along this line of

studies, however, is not yet known at present,

1.3 Objectives

With keeping in mind the need in practice to estimate amount
of deformation induced in so0il structures and foundations due to
the cyclic mobility, the objective of the present study is to
develop a simple and physically feasible model for the cyclic
mobility. If a model for the cyclic mopility can be of any use
in practice of the scil dynamics and the earthquake engineering,
the model may have to be able to simulate the rapid or gradual
increase in shear strain ranging from about one to ten percent,
from which cracks, settlements and other deformation of major
consequence initiate. Such a large shear strain, as shown in
Figs. 1.1 and 1.2, is generated only when the effective stress
path becomes very close to the failure lines. This causes
difficulty in numerical analysis because a very small error
contained in the computed effective stress causes a very large
error in the computed strains, sometimes causing divergence 1in
the solution process. In the present study, an attempt is made
toward achieving numerical robustness.

In addition to the numerical robustness, the model may have

to satisfy the following requirements as indicated by the



22

laboratory studies mentioned earlier;

(1) physically feasible shape of hysteresis loop during cyclic
mobility,

{2) physically feasible generation of pore pressures under
undrained cyclic lcading condition,

(3) rapid or gradual increase in shear strain amplitude greater
than several percent during cyclic mobility,

{(4) physically feasible relation between the amplitude of
cyclic loading and the number of cycles reguired to cause
specified strain amplitude under undrained condition; in
particular the existence of threshold limit,

(5) physically feasible modeling of initially anisctropically
consolidated scil, and

(6) physically feasible dependence of secant shear modulus and
hysteretic damping factor on shear strain amplitude under
drained cyclic loading condition such as shown in Fig. 1.5.
In the present study, such an attempt is made as to satisfy

all of these requirements for modeling of cycliec mobility. With

pradtical application in mind, the model to be developed in this
study 1is o¢f two dimensional nature. Extension to three
dimensions, nevertheless, is not very difficult as shown in the

APPENDIX A.

1.4 Scope

The scope of the present study is as follows.

First of all, a model for representing cyclic mobility is

developed in Chapter 2 alcong the line of thought originally
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developed by Towhata and Ishihara (1985). Though they developed
the original model without the vehicle of the plasticity theory,
the model is reconstructed in this study within the framework of
the plasticity theory defined in strain space. This is believed
to give a more transparent theoretical structure in the
formulation than the physical image of multiple springs presented
in the original study. Concept of the multiple mechanism is fully
utilized for decomposing the complex mechanism into simple
mechanisms.

The model performance is then examined in Chapter 3 by using
a single element in finite element approximation. Undrained
cyclic torsion test results are numerically analyzed under three
kinds of initial and boundary conditions; one with initially
isotropic stress condition, another with initially K, = 0.5
condition and with keeping the bulging constrained as a boundary
condition for displacement, and the last with initially’Kn = 0.5
condition and keeping the Ko‘value constant as a stress boundary
condition but without constraint on the bulging. In addition
effect is examined of initial confining pressure.

Applicability of the present model in practice of level
ground analysis is examined in Chapter 4 by conducting one
dimensional analysis. Shaking table tests of sand deposits are
conducted with a container made of a sﬁack of 64 aluminum rings
and the results of the model tests are analyzed with the present
model .

Applicability of the present model for estimating amount of
deformation of s0il structures and foundations is then examined

in Chapter 5 by conducting two dimensional analysis. Case history
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data of anchored steel sheet pile quay walls during 1883
Nihonkai-Chubu Earthquake are used for the analysis. Quay walls
with and without damage are analyzed for examining the capability
of the present model in differentiating seriously large
deformation from insignificantly small deformation.

The conclusions obtained from the present study are

presented in the final chapter.
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CHAPTER 2

MODELING OF CYCLIC MOBILITY
2.1 Generalized Plasticity Theory in Strain Space

Behavior of saturated cohesionless so0il is defined in terms
of effective stress and strain. If vector-matrix notation is
used, the effective stress increment {do’} and the strain
increment {d€} are related to each other through the tangential

stiffness matrix [D] as
{do’} = [D]{de} (2.1)

In general the value of [D] depends on the state and the history
of effective stress and strain.

At each stage of deformation process under transient and
cyclic loads, a direction is introduced which differentiates
loading from unloading (i.e. reversal loading). Commonly adopted
practice is to define a direction in the stress space as reviewed
in the previous chapter but, in the present study, the direction
{n} is introduced in the strain space as suggested by Mroz and
Norris (1982).

Loading and unloading in the strain space are specified by
comparing direction of strain increment wvector {de} with the
direction {n}. If the direction of {d€e} is on the same side as
the vector {mn} is pointing to, it is loading. If it is on the
opposite side, unloading. If the direction of {de} |is

perpendicular to the direction {n}, it is neutral. Thus, the
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loading criterion in the strain space is specified by sign of

{n}{de}:

loading if {n}T{de} > 0,
unloading if {n}T{de} < 0, and
neutral if {n}T{dE} = 0,

Dependence of material behavior on the direction is
specified by introducing two tangential stiffness matrix [DL] and

[Dn], one for loading and the other for unloading, as

]

{do’} = [D 1{de} if {n}{de} > o

{do'}

1

[D,]{de} if {n}'{de} < 0 (2.2)

Uniqueness of the stress increment requires that when
{n}T{de} = 0 both loading and unloading moduli be identical (
i.e. {DL] = [DU] )} and hence the behavior be locally elastic.
This requirement, called continuity condition, imposes an
essential constraint on [DL/U]' giving the specific formulation

for [DL/U]' such that

[D] = [D,] + R{n}{n)'

[D,]

[D,1 + Ry{n;}{n)’ (2.3)

in which [De] is elastic stiffness matrix, {nL/U} are arbitrarily
specified vectors defining directions of stress increment and the
scalars RL/U define magnitudes of stress increment per unit strain

increment aleong the direction {n} (i.e. per unit wvalue of
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{n}T{de}). These meanings of {nuu} and RL/U are easily understood
if Eq.(2.3) is substituted into Eq.(2.2); it is seen that the
direction vector {n} is always acting on the strain increment
vector {de} to produce an inner product {n}T{de}, which is
nothing but a scalar, and hence {nUU} are directions of stress
increment and RUU define the magnitudes.

As mentioned earlier, commonly adopted practice is to define
a direction in the stress space. In this approach, strain
increment {de€} is generated from stress increment {do}, whereas
in the strain space approach as in the present study, stress
increment {do} is generated from strain increment {de}. This is
summarized in Table 2.1, Both approaches are equivalent with each
other (Mroz and Norris, 1982) but, when the multiple mechanism
are considered as will be discussed later, the strain space
approach is very efficient in computation because stiffness
matrix is obtained by simple summation.

Models of this type shown in Egs.{2.2) and (2.3) can be
generalized further by considering that deformation of material
is produced by I+1 separate mechanisms with i = 0,..., I, all of
which are subjected to the same state and the same history of
strain. In this approach the increment of effective stress is

written by
I -
{do’} = 3 {ac’'y (2.4)
(=0

and is related to the increment of strain by

1 .
{ac’} =3 0'V1(ae} (2.5)

(~o
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Table 2.1 Comparison of Stress Space and Strain Space Plasticity

Theories

Stress Space Plasticity Strain Space Plasticity

(Conventional Approach)
Basic
Con- {de} is generated by {do’} {do’} is generated by {de¢}
cept
Single
Mecha- {de} = }&m{nwn}{n}T{do‘} {do’} = Ruu{nwm}{n}T{de}
nism
Model
Multi- I
ple E :
Mecha-{{ae ) Viny M a1 do ) frdor 13 R 1V (ny 103 (e ;
nism L ; L }
Model _ L___________.____ _____ ___,i

— = —— present study
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Dependence of material behavior on the direction of loading is

separately defined for each mechanism, such that

faoc’ Wy = (pM1(aer iz {nlhT{aer > o

n

fao’ Wy = tpMiraer it (o'hT(der < o (2.6)
The continuity condition requires that the tangent moduli for

each mechanism be given by

5,1 = (o7 + W a1y (nly]

Thus, the constitutive relation is given by
1 . . . .
tao’y = ¥ (10 + R 4V in M 3nl)T) ae) (2.8)
(=0

in which L/U is determined for each mechanism by Eq.(2.6).

To summarize, the material behavior can fully be described
if one prescribes [De(i)], {nm}, {anm} and RL/U“) for all
mechanisms at all states and histories of the material behavior,

In the following discussion, the elastic matrix [DJ”] will

be omitted for ensuring simplicity in the formulation. The

constitutive relation in this study is thus simply given by
L T
tac’} = ¥ Ry, MimD31n (ae) (2.9)
L*o

2.2 Decomposition into Simple Mechanisms
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In attempting to construct the model for cyclic mobility
with practical application in mind, the author limits himself,
throughout the following discussion, to the two dimensional
behavior of so0il under the plane strain condition. Thus, the
components of the effective stress and the strain vectors are

given by

(g} =

3

' o) T, } (2.10)

I
-
Q

]
-
m

EY YW } (2.11)

in which compressive stress and contractive strain will be
assumed negative and the strains will be given from displacements

u and v in x and y directions by

_2U . 3V

- J2u 2V
e ey

Ty aj P74

{(2.12)

It is assumed in the following discussion that Gi’ can be

approximated by (U;+o}’)/2.

2.2.1 Transformation

The first step for developing the model is to decompose the
mechanism of c¢cyclic mobility into two mechanisms; one being the
mechanism of cumulative pore pressufe build up with occasional
recovery cof mean effective stress, the other the mechanism of
shear deformation without volume change.

This type of decomposition is most conveniently done if one
at first transforms the effective stress and the strain vectors

into the vectors with components of volumetric nature and
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shearing nature. In particular, the effective stress vector is

transformed as

{s'} = [T,1{c"}

(2.13)
in which
] T —_ ] ] r L
{8’} ={ (ox+oy 1/2 (Ok woy )/2 Tm } (2.14)
(1/2 1/2 0
[T,] = |[1/2 -1/2 o© (2.15)
i 0 0 IJ
and the strain vector is transformed as
{e} = [TJ{€} (2.16)
in which
T _
fel' = { (ee)) (g€ vy, 2 (2.17)
1 1 0
[T}] = 1 -1 0 (2.18)
0 0 1

It is to be noted that [Tg] and {TE} are related with each other
by

[Tu]T = ETE]'1 (2.19)
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By using Egs.(2.13), (2.16) and (2.18), the constitutive

relation in Eq.(2.9) is rewritten as

I
vy (i) (1) y g n(1)4T T
(as7) =3 Ry [T ] tnyyg MmN (T ) (de) (2.20)
'--
If one defines the direction vectors in the transformed space by

writing

{1L/Um} - [TG]{'an(i)}
Wy = o1l (2.21)

then Egq.(2.20) is rewritten as

{ds") :i R (1, 1110 T de) (2.22)

=0
Equations (2.9) and (2.22) are the dual representation of a
constitutive relation and, if one prescribes RUJ”’ {lan} and
{1“1} for Eq.(2.22) in the transformed space, {nwuﬁ)} and {nﬁ)}
will readily be given in the original space by Egs.{2.19) and

(2.21) and consequently Eq.(2.9) is completely specified.

2.2.2 Volumetric Mechanism

With Eq.{(2.22) in hand, the first mechanism (i.e. the
mechanism for i = 0) will be defined for representing the
cumulative pore pressure build up with occasional recovery of
mean effective stress. For modeling such a mechanism, the author
takes the approach similar, 1in principle, to that taken for

densification model (Zienkiewicz et al, 1978). This approach has

i et A S e e
pamalich i ‘“:“‘i"‘ O R A S e gkt alipdi

Ca
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the advantage of simplicity and of the most direct use of the
laboratory data obtained under the undrained cyclic loading
condition. In this approach, one needs simply to include an
additional strain {ep} of volumetric nature into the mechanism

for i = 0 in Eq.(2.22) by writing
tas*®y = r 001, @30 (e - {aeh) (2.23)

in which {dep} will be independently determined.
Since the mean effective stress and the volumetric strain
are the first components of {s’} and {e}, the direction vectors

in Eq.(2.23) are given by
(1 = (™ = 1T =1 0 0} (2.24)
with the additional volumetric strain given by

{ep}T= {e 00} (2.25)

The additional volumetric strain {ep} is further assumed to
represent whole part of the plastic volumetric strain generated
by the transient and cyclic loads. Then the strain increment
{lwhj({de} - {dep}) in Eg.(2.23) becoﬁes elastic so that the
moduli RUUW) in Eq.(2.23) should represent elastic volumetric

behavior, i.e.

K= r{0 - g® (2.26)




38

in which K is elastic tangent bulk modulus of soil skeleton,
often called rebound modulus. The laboratory data suggest that,
for cohesionless so0il, K is given by a power function of

effective mean stress, approximately given by

— ' y 0.5
K"Ka(Um /Gma ) (2.27)
in which Um’ : effective mean stress = (ox”+ay’)/2; Ka : elastic
ftangent bulk modulus of soll skeleton at 0&’ = qm’

2.2.3 Shear Mechanism

The frame work for the first mechanism thus defined, the
second mechanism will be defined for representing the shear
deformation without volume change. For modeling such a mechanism,
the author adoptis the approach similar to that proposed by
Towhata and Ishihara (1985a). This approach has the advantage of
representing soil behavior under principal stress axes rotation.
This approach, at the same time, has the advantage of simplicity
by decomposing the complex mechanism into a set of such simple
mechanisms as those defined in one dimensional space.

In this approach, one needs toc mobilize I mechanisms for i

= 1,..., I out of Eq.(2.22), as a tool for decomposition, by

. L , . .
tas' Wy =7 ry Wi 01191 1 ge) (2.28)
1 A

WM

The mechanism i represents a one dimensional stress strain

relation defined in a virtual simple shear which is, in concept,

4
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mobilized at the angle er/z + m/4 relative to x axis; e.g. the
mechanism with Bi==0 represents a virtual compression mode, that
with Si: n/2 a virtual simple shear mode in the X axis direction
as shown in Fig. 2.1. The angle 91 for mechanism i is given so
that all the possible directions for mobilization are

approximately represented by those of I mechanisms, such that

8; = (i-1)4s8 {(for i =1,..., I) (2.29)
in which A6 = nw/I.
The above definition of mechanism i demands, as shown in

Fig. 2.1, that the direction vectors in Eq.{(2.28) be given by

{1JU}T = {1Jih1 = 1T = (o cos®; sing; }

(fori=1,..., I} (2.30)

with Ruuh)representing tangent shear moduli which will be given
as a function of virtual simple shear strain for mechanism i (

i.e. {l(U}T{e} ) and of its history.

2.2.4 Incremental Relation
If the expressions for the mechanisms given by Eqgs.(2.23)
and (2.28) are combined, a relation which corresponds to

Eq.(2.22) is given by
0 0 L i i i
tas'} = k(10301 ({de} - ae)) +3 r P21 ae) (2.51)
=t

in which modulus K is defined by Eq.(2.27), the direction vectors
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Yxy
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Y]

7 compression shear
[T~ ""1simple shear

Fig., 2.1 Schematic figure for multiple simple shear mechanisms;
pairs of circles indicate mobilized virtual shear strain in
positive and negative modes of compression shear (solid
lines with darker hatch) and simple shear (broken lines with

lighter hatch)

AR




41

by Egs.(2.24) and (2.30).
As mentioned earlier, the constitutive relation in Eq.(2.31)
is back—-transformed into the original representation

corresponding to Eq.(2.9) as

(i){n(i} }{n(i)}T{de} (2.32)

M

tao’} = x{n'"1n'"Y ({ae} - (ae)) + T Ry

1

oy
[l

in which the volumetric strain increment {dep} of plastic nature

is given, by using the relations in Egs.{(2.18) and (2.19), as
_ T
{dep} = {T,1'{de,} (2.33)

and the direction vectors in the original space {nu)} are given

by Egs.{(2.19) and (2.21) by

{nm)}T ={1 1 0} (2.34)
(i)}T

B

{n { cosei --cosBi sinBi } (for i = 1,..., I) (2.35)

Because {n“J}T{dEp} = 0 for i = 1,..., I, Eq.(2.32) 1is
rewritten as
{do’} = [D]({de} - {dep}) (2.36)
in which
I . . a
(01 = k{n") a7+ 3 r WiallyaDy! (2.37)
=1

If these relations are more explicitly written down for
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practical application in mind, it is given as follows.

dok’ dEx 1 -
0 3 .
! = de - K rld 2.38
dcy [D] y 1 2 ( ma) Ep ( _)
drxy dny 0
with
1 1 0 1 -1 4]
y v 0.5
- I,
[D] = Ka(gma’) 1 1 o|+6Gyl-r 1 o
0 0 0 0 0 0
0 (0] 1 ) 0 0O
1 -1 0 0 0 1
in which
L (i) 2
Gyy = zi Ryy ©0s°8; (2.40)
_ {i) .
Gt2 = gﬁ RL/U cc>s(3131n6i (2.41)
- (1) 12
Gy = L Ryyp 'sin’e; (2.42)

=1

As expected from the associative manner with which the direction
vectors are chosen ( i.e. {nUJn} = {nU)}), the stiffness matrix
[D] is symmetric, giving the advantage of efficient solution.

2.3 Integrated Formulation

~i: The-y-decomposition into one dimensional mechanisms in

Bl sl i s
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Eq.(2.32) provides a salient feature in the present approach; the
incremental relation can be integrated so that a direct relation
can be specified between effective stress and strain. Such
integration can be done one by one with respect te each variable
defined for each mechanism.

The mechanism i = 0 in Eq.(2.31) can be rewritten as

1 —_ ) ¥ 0.5
dcm = Ka(cm /Uma ) dee (2.43)

in which elastic volumetric strain increment dee is defined by

ae, = {137 ((ae} - {de }) (2.44)

Integration of Eq.(2.43) into the compressive side ( i.e. into

the negative side) with the initial conditions that €, = 0 when

Gh, = 0 yields
Yo f 2
o = B¢ ee) (2.45)
in which
B = [0.5K /(-o.*)052 (2.46)
ES ma
€ = €.+ €, - E (2.47)

The integrated result can be written back in the multiple

mechanism formulation similar to Eq.(2.23) as

(s'V1 = —B(-ep P11l (2.48)
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The transformation back to the original space by using Eqs.(2.13)

and (2.21) yields
to*®y = —B(—ee)z{nm} (2.49)

This is the integrated relation for the mechanism i = 0.
The rest of the mechanisms i = 1,..., I are integrated by

introducing a virtual shear strain for each mechanism i by

v = (103 7(e)

= (ex—ey)cosei + 7H51n8i (2.50)

and by introducing a scalar function QU)OYHH defined so that its
{7

ad'(u‘)

shear moduli per unit angle of 8 by

first order derivative represents the virtual tangent

(4P
w. 497 4,

RUU :;Ea’ (2.51)

in which A8 = w/I. The value of Qu) generally depends on the
history of Y(U. Analogously to the integration of mechanism i =
0, the mechanisms i = 1,..., I in Eq.(2.31) are rewritten by
using Egs.(2.50) and (2.51) as

()
‘JCQ ﬁ){lﬁ)}

{as’ Wy = ==X peay

a5

{(2.52)
Integration of Eq.(2.52) yields

PR
anaAA
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The transformation back to the original space by using Egs.(2.13)

and (2.21) yields

From Egs.(2.47), (2.48) and (2.54), one obtains the integrated

formulation for the stress and strain relation as

{0’} = -Ble, - (& + €)1 ") + z QWeyysen™y  (2.55)
{=
in which, as mentioned earlier, the value of the function
Q(”(y(”) generally depends on the value as well as the history of
the variable y“]. The function Qﬁj can be interpreted as virtual
shear stress per unit angle 8 for mechanism i.

Now that incremental as well as integrated relations for
modeling cyclic mobility are obtained in the previous and the
present sections, it only remains to define the volumetric strain
€ of plastic nature and the function Q“J(Yu)) for representing

P
the virtual simple shear mechanism.

2.4 Undrained Stress Path

2.4.1 Effective Mean Stress Change

General understanding on the cyclic mobility of saturated
cohesionless soil is that transient or cyclic loading induces
801l particle rearrangement causing, under the drained condition,
volumetric shrinkage. Such a rearrangement causes, under the

undrained condition, loss in effective mean stress and increase
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in pore water pressure. coe

In order to formulate this relation, let us consider the
mechanism of undrained behavior of cohesionless soil. For
simplicity, 1let us assume that the volumetric strain ep of
plastic nature is zero at the initial condition. The initial
elastic volumetric strain €. is related to the initial effective
mean stress o ' via Eg.(2.45) as

0o

0y’ = -B(-€,)* (2.56)

Under constant total mean stress with the undrained condition,

the volumetric strain induced by the change in the effective

stress is only due to the volumetric strain of pore water, such
that

_ = | ]

€, + € € (n/Kf)(c'm0 ag') (2.57)

P i

in which n and K. are the poerosity of soil skeleton and the bulk
modulus of pore water. Elimination of €, from Eq.{(2.57) by using

Eq.(2.45) yields

€, = (n/K) (0" - o) + [0/ (-B)1"° + ¢, (2.58)

Whereas the volumetric strain epof plastic nature is needed
to be specified in Eq.(2.55), common practice in the soil
dynamics and the earthquake engineering is to measure pore water

pressure change or, equivalently, to measure the change in the

effective mean stress under the undrained cyclic loading
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condition. Since one quantity is related to the other by
Eq.(2.58), the measurable quantity, i.e. the undrained effective
stress change under constant total confining pressure, will be

used in the following formulation.

2.4.2 Liquefaction Front

Several attempts have been made for modeling the effective
stress paths for cyclic mobility, such as shown in Figs. 1.1i(a)
and 1.2(a), under the undrained cyclic loading condition. Pender
(1580), paying due attention to the critical state, adopted a
parabolic function. Ishihara and Towhata (1982), paying due
_ attention to the yield loci and phase transformation line,
adopted a combination of a parabolic and a hyperbolic functions.
Yamazaki et al (1985), paying due attention to the envelope of
stress points specified by equally accumulated shear work,
adopted a hyperbolic function.

In the present study, the author postulates that the phase
transformation line and the envelope of stress points at equal
shear work are two of the key concepts for modeling effective
stress path associated with the cyclic mobility. The phase
transformation line as defined by Ishihara et al (1975) is a
Straight line differentiating the dilative zone in the stress
Space from the contractive zone as indicated by broken lines in
Figs. 1.1(a) and 1.2(a). The envelope of stress points at equal
Shear work as defined by Towhata and Ishihara (1985b) 1is
represented by a contour, as shown in Fig. 2.2, defined in the
Stress Space at which cumulative shear work is equal to a

SPecified value. As the shear work is accumulated by cyclic shear
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under the undrained condition, the envelope of stress points at
equal shear work gradually moves from the initial envelope to the
failure line. Such an envelope, being one of the key concepts for
modeling cyclic mobility, will be called "liquefaction front" in
the following discussion.

In order to generalize the formulation of liquefaction
~front, the liquefaction front will be defined in the normalized
. gtress space defined with the effective mean stress ratio § =
-q{/om’ and the deviatoric stress ratio r = t/(—om'), in which

e UW’)/2 is the initial effective mean stress and the

deviatoric stress is defined by t = (g;' - g,’)/2 1/;;2-+ [(o,’ -
Uf)/z]z.lnlprinciple the shape of the liquefaction front may be
approkimated by two segments of straight lines in the stress
ﬁpace as indicated by the broken line segments in Fig. 2.3; one

3

ﬁéiﬁgffhe segment of a vertical line defined in the contractive

2.3, by the following function:

.Sﬁ (if r < r3)

32 + Jf(su—sz)z-+ [(r-rs)/ml]2 (ifr > r3) (2.59)
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r, = mZSU {(2.60)
r, = m3SU (2.81)
,,,,, S, = § - (ry - ry)/my (2.82)

.and S+ a parameter to be defined by a function of shear work;
m; inclination of the failure line, defined by the shear
resistance angle mg as my = sin¢{; m, : inclination of the phase
fﬁransformation line, defined by the phase transformation angle
¢ﬁ? as m, = sinwp’; and my; = 0.67m,. The auxiliary parameter m,,
‘introduced for ensuring the smooth transition from one zone to
the other, is determined as a balance of the smoothness and the
physically feasible stress path shape.

¢» In this formulation, the parameter SD’ hereafter called

L

ﬁliquefaction front parameter,” may well he interpreted as a
'measure which defines the state of the c¢yclic mobility; e.g. Sy
=i1.0 being the initial stress state if r < m,, S0 = 0 being the
limiting state at which failure occurs due to the cyclic
mobility.

At a certain boundary value problem, initial shear stress
ratio can be very high so that r > m,. In such a case, the
initial value of the liquefaction front parameter Sg should be
determined from the initial value of r by solving the second
_équation in Eq.(2.59) with 8§ = 1.0. The initial value of S0 is

easily obtained as a solution of second order polynomial

equation.

2:4.3 Shear Work Correlation

The liquefaction front parameter S0 is given by a function
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of shear work. Towhata and Ishihara (1985b) obtained the

correlation between the shear work and the excess pore water

pressure such as shown in Fig. 2.4 and concluded that the

correlation is independent of the shear stress paths with or ’!
without the rotation of principal stress axes. This correlation A
is generalized by defining a relation between the liquefaction

front parameter SD and the normalized shear work defined by

W= ws/wn (2.63)

The factor for normalization Wn is given by

Wn==thm/2 (2.64)

in which Tro and Yy 2Te the shear strength of soil at the drained

condition and the reference strain of so0il at the initial

effective mean stress Um'. To be more specific, they are defined
with the initial shear modulus Gy, as

! (2.65)

T, = (—omG )sinmf

wl

Yoo = Tgo/ G (2.686)

The initial shear modulus of cohesionless soil is known to be

given by a power function of effective mean stress, approximately

given by

’/U :)0.5 (2-67)




53

O
002 00501 02 05 1 2 5 10 20
Shear work per unit volume Wst (kJ/m3)

300 T T f |

o
Toyoura Sand

SR o o .
5 ~Omo= 294 kPo {g/

v 200

=

I Tmax —T

g - . kPa € .
Q 777 | 0813
£ 100 o |60.6 | 0809

$ s 6490818 | |
o 4 [706 | 0811

9] ~ v_[554 ]0784 .
i [ > |706 | 0812 |

o 1 | 1 | ! r |
o

>
Ll

" Fig. 2.4 Correlation between shear work and excess Ppore water

pressure (after Towhata and Ishihara, 1985h)



54

in which qm : initial shear modulus at Um’ = g

’
Da

With such a normalization for shear work as shown 1in

Eq.(2.63), the correlation between the liquefaction parameter and

the normalized shear work can be empirically modeled based on the

following consideration:

(1)

(2)

(3)

Certain laboratory studies indicate a "break" at Sy = 0.4
(Zienkiewicz et al, 1878) from which the behavior of soil
drastically change. It would be desirable to express the
correlation with two functions; one defined for S0 > 0.4,
the other for S0 < 0.4. Thus, at least two parameters are
necessary.

In order to fit the model to a set of soils with various
degree of liquefaction resistance, it would be desirable to
have a parameter which can control, over the entire zone of

s the contribution of normalized shear work. This adds one

0°
parameter.

In the limiting case So should not become zero if stable
simulation of cycliic mobility is needed. This indicates use
of a small parameter is needed as the limiting value for SO.

This adds another parameter.

Based on the above consideration, such a correlation with

four parameters is given between the liguefaction front parameter

and the nermalized shear work as

1 - 0.6(W/w1)pl (if w < wl)

[72]
1l

(0.4-8)) (w/w)P + s (if w > w) (2.68)

75}
15
1

in which Sl’ Wi Py and p, are the material parameters which
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characterize the cyclic mobility of the cohesionless soil.

Several examples represented by this equation is shown in Fig.

2.5.

2.4.4 Threshold Limit

In obtaining the shear work correlation, Towhata and

Ishihara (1985b) used total shear work defined by

dwst = [{0x —cry )/z]d(ex—ey) + txydyxy {2.69)
It is assumed in Eq.(2.89) that dw,, is always positive so that,
if the right hand side of this equation should take a negative
value, its absolute is taken. The use of the total shear work

gave satisfactory correlation for the range of test data studied

by Towhata and Ishihara (1985b). It is known, however, that there
exists a threshold limit in the amplitude of cyclic shear strain
or shear stress; for cyclic strain or stress below this threshecld
level, there is no pore water pressure build-up (e.g. Dobry et
al, 1982). In order to incorporate such a factor of practical
significance into the correlation in Eq.(2.68), the shear work
which would be consumed by the threshold limit will be subtracted
from the total shear work. Because the shear work consumed by the
threshold limit may be closely related with the elastié shear
work, it will be given by introducing a parameter c, for

specifying the threshold level as

cdW,, = _clird(r/Gm* )l (2.70)
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in which,Gm*: elastic modulus at effective mean stress cm’ given

by

¥ ) 1y 0.5
G, = GmD(Om /UmU ) (2.71)

Thus the shear work increment to be used for the shear work

correlation in Eq.(2.68) with Eq.(2.63) is given by

dw_ = dWw

s st~ cldWSe (2.72)

It is understood in Eqg.(2.72) that, if the value of right hand
side of the equation should become negative,:ﬂ% will be assumed
Zero.

In general shear work induced by plastic strain is called
plastic shear work. The shear work wg defined in Eq.{(2.72) is in
its approximate sense the total shear work minus the elastic
shear work. In the following discussion, the shear work ws will
be conveniently called "plastic shear work".

In the formulation presented so far, the plastic shear work
always contributes to the progress of liquefaction whether the
effective stress is in the dilative zone or the contractive zone.
It is believed, however, that not all the plastic shear work
induced in the dilative zone contributes to the progress of
liquefaction. In a pragmatic sense this fact is already
incorporated in the shear work correlation in Eq.{(2.68). The
author believes, however, that a certain explicit correction for
shear work increment is needed for the dilative zone. Such a

correction is achieved by introducing a correction factor R to
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be maltiplied with dws Eiven by

R

I

(m1 - r/S)/(ml-— m3) (if r/s > m3) (2.73)

When S becomes small, however, the value of r/S becomes 80
sensitive to the small errors contained in the wvalues of r and
S that R given by Eq.(2.73) becomes numerically unreliable.

Therefore, a measure is taken for small values of §, such that,

if § < 0.4, R is given by
R = (ml - r/0.4)/(m1 - m3) (if r/0.4 > m3) (2.74)

An additional exception is imposed if the initial deviatoric
stress ratio is so high that the initial value aof Sp becomes less

than 0.4. In this case, the value of 0.4 in Eq.(2.74) is replaced

by 8, defined by

S, = 0.4 + (initial SD—-0.4)SU/(initial SO) (2.75)
A schematic figure is shown in Fig. 2.6 for the dilative zone to
be affected by the correction factor R. The author admits that
the correction factor introduced here complicates the formulation
without so much of reasoning or laboratory data to rely on. The
laboratory studies are ungently needed on the behavior of so0il
under cyclic loading with a static shear. It might be possible
in future that this part of the modeling will be modified based
on the future laboratory studies. In the meantime, as mentioned

earlier, the most of the effect of the above correction might be

ZEELE ) TR S S
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offset by the effect of the parameter p, in Eq.(2.68). If an
adverse effect should exist due to these correction factors, the
effect might be minor.

At each stage of deformation process under transient and
cyclie loads, increment in plastic shear work will be computed
via Eq.{2.72) with the correction in Eqs.(2.73) through (2.75)
if the current stress state is in the dilative =zone. The
accumulated plastic shear work Ws will then be normalized by
Eq.(2.63) and substituted into Eq.{(2.68), giving the liquefaction
front parameter SU' From the liquefaction front parameter S0 and
the deviatoric stress ratio r, the effective mean stress ratio
S will be obtained by Eq.(2.59)}. Finally, the effective mean
stress ratio S is multiplied by initial mean effective stress

g.’, giving the volumetric strain € of plastic nature through

nd
Eq.{2.58).

2

In the discipline of soil mechanics, stress dilatancy

relation has been well understocod in a much more fundamental and
simpler manner than the present approach; the ratio of plastic
volumetric strain increment over plastic shear strain increment
is governed by a function of relevant stress ratic with one
parameter which corresponds to phase transformation angle (e.g.
Rowe, 19682). Though in a pragmatic sense it is not necessary to
refer to this fundamental relation in modeling of undrained
cyclic behavior of sand as in the present study, the stress
dilatancy relation is so well established and fundamental in the
s0i1l mechanics that it might be necessary to compare the present
approach with it. The comparison is shown in APPENDIX B.

In closing this section, it should be cautioned that such
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variables as q{ and S are used in this section in the context of
undrained tests under constant total mean.stress. Such tests are
considered only as a means to estahlish the relaticon between the
shear work and the volumetric strain ep of plastip nature.
Therefore, when those variables are computed from the plastic
shear work as shown in this section, they should be regarded as

the state variables rather than the real variables to be computed

as a solution of boundary value problems.

2.5 Virtual Simple Shear Mechanism

2.5.1 Initial Loading

In defining the virtual tangent shear moduli RUJi) in
Eq.{(2.32) and the virtual shear stress Q“)(y“)) in Eq.(2.55), it
is assumed that each virtual simple shear mechanism can be
approximated by the one dimensional stress strain relation
observed in the actual simple shear test. As a candidate for such

one dimensional relation, the hyperbolic stress strain relation

is adopted for the initial or the monotonic loading as

Wyl)y = vy, /(24 v“’/vv‘”l )1, (2.76)
in which QJ” : virtual shear strength for mechanism i; and YJ”

virtual reference strain for mechanism i. For simplicity,
inherent isotropy is assumed in the following discussion. Then,
the hyperbolic relation is rewritten by

vty = [(yWyy )/ (as v(i)/vvl)]Qv (2.77)
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in which Qv : virtual shear strength and I virtual reference
strain. By substituting Eq.(2.77) into Eq.(2.51), the virtual

tangent shear moduli are obhtained for the initial loading as
N S VISt MO/ PLTC WYY (2.78)

It is to be noted in Egs.(2.77) and (2.78) that, though inherent
isotropy is assumed, the superscript (i) for the functions Q and
RL is retained because, once unloading becomes involved, its
value will become dependent on the individual history of the
virtual shear strain; i.e. the inherent isotropic material will

exhibit stress induced anisotropy.

2.5.2 Memory of Loading History
To record the history of loading, it is postulated that the
memory of loading history is registered in the normalized space

defined by such variables as

£ = .'.(i)/,{‘r (2.79)
n = Qlilg, (2.80)

In the above definition, the superscript (i) is omitted from &
and n for simplicity but the following discussion is supposed to
be applicable to each mechanism i = 1,..., I. According to this
definition, the hyperbolic relation in Eq.(2.77) is rewritten in

the normalized space as

n=E/(1+ |Eh (2.81)
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and the curve defined by Eq.{(2.81) in the normalized space will
be called back-~bone curve.

It is postulated in this study that the memory of lcading
history, which affects the present and the future material
behavior, is completely specified by only two points cut of the
previous loading history defined in the normalized space; one
being the point on the back-bone curve of which ]El takes tLlhe
maximum value ¢f the previous loading history, the other being
the most recent reversal point. As shown in Fig. 2.7, once
unlocading begins and |E| becomes less than the maximum value of
Iﬂ in the previcus loading history, the point will either be
directed to the memorized point on the back-bone curve or to its
symmetrical image on the back-bone curve. When the lcading
continues beyond this point, the peoint will follow again the
back-bone curve.

Thus, the formal definitions relevant to the 1loading

pProcesses are given as follows:

(1) initial loading : the process which satisfielel= max'E'
(2) unloading/reloading : the process which satisfies‘£,< maxld
a) unloading : the sign of df is opposite to that of initial
loading
b) reloading : the sing of df is the same as that of
initial loading

(3) reversal point : a point at which df changes its sign

Such formal definitions can be helpful for conceptual

understanding of the present approach. It is to be noted that the
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definitions given by df are consistent with the definition given
earlier in Eq.(2.6) for subscripts L/U for RUJ based on the sign
of {n'hT(aer = (ab)y,.

In practice of numerical analysis, the following set of

definitions might be much more useful;

(1) initial loading : either of the following two;
a) the process which never experiences the unloading, or
b} the process which goes beyond the previously memorized
reversal point or its symmetrical image on the back-
bone curve
(2) unloading/reloading : the process which begins after the
reversal but which ends when the process goes either
beyond the reversal point or its symmetrical image on
the back-bone curve.
a) unloading : number of the reversals is odd by counting
the reversal from the back-bone curve as one
b) relocading : number of the reversals is even by counting
the reversal from the back-bone curve as one
(3) reversal point : a point at which not only df changes its
sign from 1its previous loading process but alsoldE'exceeds

the threshold value &.
The threshold value &, similar to the small elastic region,
is necessary for assuring stability in the numerical analysis;

the value of the order of 10—5 is satisfactory in practice.

2.5.3 Unloading from the Initial Loading
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For representing the one dimensional stress strain relation
during unloading and reloading, Masing’s rule was often used
(Finn et al, 1977; Ishihara and Towhata, 1982); i.e., if the

initial loading curve is given by
n = £(§) (2.82)
then the unloading and reloading curves are given by
(n - n)/2 = £I(E - §.)/2] (2.83)

in which Er and n, represent the coordinates of the reversal
point. It is known, however, that Masing’s rule when combined
with the hyperbolic stress strain relation deoces not represent the
physically feasible hysteresis loop when the amplitude of cyclic
shear strain becomes as large as a few percent; at this strain
level the hysteresis loop given by Masing’s rule consumes about
twice the energy as those observed in the 1laboratory tests
(Ishihara, 1982).

Such a drawback can be corrected by introducing scaling
parameters into the variables § and n (Ishihara et al, 1985). Let

us defined the scaled variables by

£' = E/a
n’ =n/b (2.84)

in which the scaling parameters a and b are determined by

functions of maxlElfor the previcus loading history.
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Let us denote the coordinates of the reversal points on the
back-~bone curve as EB and Ny and let us scale these coordinates

in the similar manner as

£y = &/a

ng' = ny/b (2.85)

Using scaled coordinates in Eqgs.(2.84) and (2.85), let us define

a function for unloading curve from the back-bone curve by
(n* - ny’)/2 = £I(E" - E;7)/2] (2.86)

in which the function f represents the hyperbolic relation given

by
£(8) = &/(1 + g (2.87)

Because the curve defined by Eq.(2.86) should go through the

symmetrical image of the reversal point, one obtains
—ny’ = T(-Ey") (2.88)
whereas the reversal point is on the baék—bone curve, such that
ny = £(E;) | (2.89)

Elimination of N, from Eqs.(2.88) and (2.89) by using Eqs.(2.85)

and (2.87) yields
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b= (a0 fg) (2.90)

It is to be noted that strain level of cyclic 1loading is
represented bylﬁd, which coincides with max|E| for the previous
loading history of transient and cyclic loading. In the following
discussionlEBlwill be conveniently called strain level. Because
the scaling parameter b is determined by Eq.({(2.80) from the
parameter a and the strain levellEd , it remains to define a
function of strain 1evel,£dfor determining the scaling parameter
a.

The energy consumed by the hysteresis loop is generally
expressed by a relative value to the equivalent elastic energy;
i.e. a hysteretic damping factor h. The definition of h, as

briefly mentioned in the previous chapter, is given by
h = (1/4nw) {AW/W) (2.91)

in which AW is the damping energy, i.e. the area within the
hysteresis loop shown in Fig. 2.8, and W is the equivalent

elastic strain energy defined by
W= (1/2)Em, (2.92)

It is to be noted that the hysteretic damping factor h is
independent of the normalization factors or scaling factors used
for the stress and strain because effects of these factors are
canceled by taking the ratio of AW over W in Eq.(2.91).

Therefore, the definition of the hysteretic damping factor given
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in the stress strain space in the previous chapter in Fig. 1.4
is consistent with that given in the normalized space mentioned
above.

As a candidate for the physically feasible hysteretic
damping factor to be represented by each virtual simple shear

mechanism, the hyperbolic function of strain level kBlis adopted

as

nCeg)) = []ey/g /a1 + 678, I, (2.93)
in which hv : limiting value of virtual damping factor when
virtual shear strain level is infinity; and Eh : a parameter

similar to virtual reference strain.
Because the hysteresis loop defined by Egq.(2.86) produces
the hysteretic damping factoriﬁfas (Ishihara, 1982)
Bley ) = wma s vl - azfeyhima s g - em
(2.94)

the scaling parameter a should be so determined as to produce the

Fad .
same value for h and h for the same strain levelIEB|, such that
~ _
K(|ey/a)) = nojg) (2.95)

Once unloading begins from the back-bone curve at the
virtual normalized shear strain EB’ the scaling parameter a is
determined by numerically solving Eq.{(2.95) from the current

strain level

EB,. Then, the corresponding scaling parameter b is
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determined by Eq.(2.90) and consequently the unloading curve is
given by Eq.(2.88).

The unlcading curve in Eq.(2.86) can be more explicitly
written by converting the normalized variables £’ and n' to the

original variables Y(H and Q“), such that

@Wsq, - ny)/(zby = tr(vlry, - £p/(22)] (2.96)

in which the function f is defined by Eq.(2.87) and EP Ny, a and
b are, as mentioned earlier, separately defined for each
mechanism 1 = 1,..., I.

By substituting Eq.(2.96) into Eq.(2.51), the virtual
tangent shear moduli are obtained for the unloading process from

the initial loading as
RV = gl(yl/y, - €/ (2a)1(q,/7,) (b/2) A8 (2.97)

in which the function g is the first order derivative of f in

Eq.(2.87) and given by
g(&) = 1/(1 +g|)? (2.98)

2.5.4 Reloading

For representing the one dimensional stress strain relation
during reloading and re-unloading, a function similar to Eq.
(2.88) is used for the interpolation between the two points in
the normalized space; one is the most recent reversal point (EN

nr) at which the current relcocading or re-unloading process
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initiated, the other the most recent reversal point or its mirror
image on the back-bone curve to which the current process is

directed. The function is given by

(n' = n’)/(2c) = £L(§" - §.)/(2¢)] (2.99)

The scaling factor ¢ is determined so that the curve defined by
Eq.(2.99) goes through the most recent reversal point or its

symmetrical image on the back-bone curve, such that

(£ng’ - m,.')/(2c) = £L(2E; - £}/ (2¢)] (2.100)

in which the sings of + takes plus if reloading and minus if re-
unloading. Solving Eq.(2.100) for ¢ with the aid of Eq.(2.87),
one obtains

c = (1/2)

8y — & (Emg’ - o ) /0(REY - EL7)-(Emg’ - n%)]

(2.101)

Explicit equations for Q“J and RUJU similar to Egs.(2.96) and
(2.97) will be obtained if the scaling factors ac and bc are used
on behalf of a and b in those equations and the coordinates of
reversal point Er and n, are used on béhalf of EB and Ny Thus,

for reloading and re-unloading

@t/q, - n)/(z2bc) = £L(vWry, - E)/(2ac)] (2. 102)
R D = glvllyy, - £)7(2ac) 1@y, (b/2) 48 (2.103)
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As mentioned earlier, Er, N B, b and ¢ are separately defined

for each mechanism i = 1,..., I.
2.6 Shear Mechanism

In the previous section, four s0il parameters were
introduced for modeling the virtual simple shear mechanism; the
virtual shear strength Qiand the virtual reference strain yvin
Egs.(2.77) and (2.78), and the limiting value of hysteretic
damping factor hv for the virtual simple shear mechanism and a
parameter Eh in Eq.(2.93). In the present section, it will be
shown how those parameters for the virtual simple shear mechanism
are related to the actual soil parameters which are measurable

through the actual shearing process.

2.6.1 Shear Strength and Reference Strain

First of all, the virtual shear strength and the virtual
reference strain in Eqs.(2.77) and (2.78) can readily be
determined by such soil parameters as shear strength tmand shear
modulus Gm at small strain level. Following the approach by
Towhata and Ishihara (1985a), let us consider a simple shear test
under the drained and monotonic 1lcading condition with the
initially isotropic stress state. It ié assumed that only non
zero shear strain is YH' When the shear strain is very small

such that YH = 0, the definition of the shear modulus Gh implies

dr,, = Gy, (2.104)



T4

whereas Eq.(2.78) yields
R = (q/v,)40 (2.105)
Substitution of Eq.(2.105) into Eqs.(2.41) and (2.42) yields

tg = O

1

- L2

= (Q/Y,)2 sin‘s;Ae (2.106)
=1

13

and, therefore, Egs.(2.38) and (2.39) yield

dr, = [(Qv/yv)'z sinzeide]dyxy (2.107)
£1

Comparing Eqs.(2.104) and (2.107), one obtains
1 2
Gy = (Q/Y,)7 sin'e;ye (2.108)
it

Similarly, when YH = w, the definition of the shear

strength Ty implies

T =T : (2.109)
whereas Eq.(2.77) yields
Qi (e) = Q, (2.110)

Substitution of Eq.(2.110) into Eq.(2.55) yields
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1

Tyy = Q%"smeiAa (2.111)

Comparing Eqgs.(2.108) and (2.111), one obtains

1
T, = Qv'_Z sing;Ae (2.112)
[t |
From Eqs.(2.108) and (2.112), the virtual shear strength and the

virtual reference strain are determined by

I
Q, = T,/(2 sinsAe) (2.113)
T =1 T
Y, = (rm/c:m)[(§‘sinzeiAe)/(§|sineiAe)] (2.114)

When number of multiple mechanisms I is increased to infinity,

the limiting value in Eqs.{(2.113) and (2.114) will be given by

Qv“' = 1,/2 (2.115)

yv"' = mw(t/G) (2.118)

The relations in Egs.(2.115) and (2.116) are consistent with the

results obtained by Towhata and Ishihara (1985a).

2.6.2 Hysteretic Damping Factor for Hysteresis Loop

The soil parameters hv and Eh for ihe virtual simple shear
mechanism in Eq.(2.93) can readily be determined by such a
measurable parameter as the hysteretic damping factor of actual
simple shear measured as a function of shear strain amplitude
level. In order to prove this, let us examine the behavior of the

virtual shear mechanisms during the actual cyclic simple shear
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under the drained condition. The amplitude of the shear strain
will be denoted by YHE
(1) Equivalent elastic strain energy

When the unloading starts at the peak value of the strain,

the shear strain will be given by

so that the virtual simple shear strain amplitude is given by

Eq.(2.50) as
y(l)B = nyBSinBi {(2.118)

and the corresponding virtual simple shear stress is given by

Eq.(2.77) as
Q(”B = Qm(vma) | (2.119)

From this and Eq.(2.55), the actual simple shear stress amplitude
is given by
I
- (i) o4 -
T _Z Qsine;Ae (2.120)
=1
Therefore, the equivalent elastic strain energy for the cyclic

loading process of shear strain amplitude TnB is given by

I
W= (1/2)[ZQ(1}BSinBiAB]'{wB (2.121)
L=t
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Rearranging this and using Eq.(2.118), one obtains

|
W= (1/2)3 My ae (2.122)
=1

If the equivalent elastic virtual strain energy is defined by

wi) = (1/2)Q(i)Bv(i) (2.123)

B
the equivalent elastic strain energy in Eq.(2.122) is rewritten
as
I
w =3 wibae (2.124)
=
Thus, the equivalent elastic strain energy is obtained by summing

up the equivalent elastic virtual strain energy.

{2) Hysteretic damping energy

Similarly, the energy consumed by the actual hysteresis loop
AW is giﬁen by summing up the energy consumed by each stress
contribution appearing in the right hand side of Eq.(2.120). In
order to do the summation, some elaboration is necessary, First
of all, let us go back to the definition of the hysteretic
damping factor in Eq.(2.91) and write ddwn the explicit equation
for the equivalent damping energy AW. As mentioned earlier, the
hysteretic damping factor is defined irrespective of the scaling
factors for the relevant variables.

Since the area within the hysteresis loop (in the actual

Stress and strain space) is twice the upper half of the area, one
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obtains
-I&%B\
AW = 2 S [‘EIy - (TxyB/nyB)ny]dny (2.125)
~lrx)B|
The linear term, i.e. (txyB/nyB)"’xy in the integral, will wvanish
upon integration so that

|&38|
AW = ZS rxydyxy (2.126)
~|¥xppl

In the manner similar to the derivation of Egs.(2.117) through

(2.120}), t,, is expressed by the virtual simple shear stress Q“)

Xy
as
: (i)
Ty = Z Q'*'sine Ae (2.127)
=1
in which
Q(I) = Q(l)(v(l)) (2.128)
v - Y, Sing; (2.129)

Substitution of Eq.(2.127) into Eq.(2.1286) yields

5]

T .. :
AW = zS [=qWsine.Aeldy (2.130)
v 1 xY .
= |ful
Rearranging this equation, one obtains
;!
aw=23 [ qWay,sine;de] (2.131)
=l

_“'l&t)Bl
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The transformation of the variable for the integration from VW

to y{) = ¥,;5ing; in Eq.(2.131) yields
;s |
AW = 22[5 aDayiae (2.132)
Ok -‘IKB(UI

If, by the analogy to Eq.(2.128), the consumed energy by each
virtual simple shear mechanism is defined as
o?
| LA
awll) = 25 gyl (2.133)
('
“Hﬁl

then Eq.(2.132) will be rewritten as

1 i
Aw =S awllag (2.134)
=1
Thus, the energy consumed by the actual hysteresis loop is given
by summing up the energy consumed by each virtual simple shear

mechanism.

(3) Hysteretic damping factor produced by the present model

It remains to identify Aw“) with the hysteretic damping
factor h defined in Eq.(2.91) for the virtual simple shear
mechanism. Since the hysteretic damping factor h defined in
Eq.(2.91) is irrespective of the scaling‘factors for the relevant
variables, the factor h is equal to the ratio of the energies

AwlD) over wl) defined by the variables with-ﬂi)and Quh such that

nC Wy = (ram @@ (2.135)
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in which W) and Aw(?) are defined in Eqs.(2.123) and (2.133).

Therefore, awll) i determined from h and w(i) as
awlt) = 4un¢ |Y(i)5/7v|)w(i) (2.136)
Substitution of Eq.{(2.136) into Eq.(2.134) yields
1 : .
AW = an 3 h( ly(l)a/y‘,')wmzse (2.137)

t=1

From Egs.(2.124) and (2.137), one finally obtains the hysteretic

damping factor for the actual simple shear as

—~
HC g

I : 1

) = [Z wibn ,Y(”B/v,,l)]/[_f wily (2.138)
L=1 t=1

in which w“) and Y(”B are defined by Eqgs.(2.123) and (2.118).

(4) Physically feasible hysteretic damping factor

Whereas the hysteretic damping factor given by the present
model is thus identified, the actual hysteretic damping factor
observed in the laboratory 1is known to be fairly closely
approximated by the hyperbolic relation proposed by Hardin and

Drnevich (1972}, such that
H(l”"xy3|) = [IYWB/YMI/H +'ny5/'{m|)]Hm (2.139)

in which Hm is the hysteretic damping factor when the shear

strain amplitude is infinity and Yy is reference strain defined

by
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From these measurable parameters Hﬁ and Yo the parameters hv and
Eh for the virtual simple shear are determined as follows. First

of all, when lywﬂ becomes infinity, the hysteretic damping

factor produced by the present model through Eq.(2.138) becomes
H(w) = h, (2.141)

whereas the hysteretic damping factor observed in the laboratory

given by Eq.(2.139) becomes
H{w) = Hm (2.142)

In order to represent the laboratory results in Eq.(2.139) by the

present model in Eq.(2.138), it is necessary to satisfy that

o~

H{w) = H(w) (2.143)
Consequently, from Egs.(2.141) and (2.142), one obtains

hv = H (2.144)
The parameter Eh similar to virtual reference strain is
numerically determined so that the hysteretic damping of the

model H is best fitted to the physically feasible damping H.

To summarize the discussions presented in this section, the
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shear mechanism is completely defined by three soil parameters:
i.e. the shear modulus at small strain level, the shear strength
and the hysteretic damping factor at large shear strain. Once
initial values are given by Egs.(2.65) through (2.67) with the
hysteretic damping factor at large shear strain level, the soil
properties Ty GIn and Yy during cyclic mobility are given in
accordance with the current effective mean stress. How they

should be given will be discussed in the next section.
2.7 Numerical Robustness

2.7.1 Problems

When the transient and cyclic loading begins, the excess
pore water pressure will build up and the effective mean stress
will decrease, changing the values of the shear strength and the
shear modulus of soil. If the current values of the shear
strength and the shear modulus are determined from the initial

values by

T, = tm(crm’/crmu’) (2.145)

G, = Gy(o,' /o, )"° (2.146)

then they are consistent with the manner in which the initial
values depend on the initial effective mean stress in Eqgs.(2.65)

and (2.67). The reference strain is defined by

Yp = Tp/Gy (2.147)
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so that the reference strain corresponding to the formulation in

Egs.(2.145) and (2.146) is given by
— ' 1, 0.5
Yp = Ypo(0y' /04" ) (2.148)

The above formulation, though consistent with the Mohr-
Coulomb’s failure criterion, poses two problems.

The first problem is the difficulty in the numerical
analysis when the effective stress path during cyclic mobility
becomes very close to the failure line. Whereas, in the static
analysis, a computational artifice, such as introduction of
virtual visco-plastic term (Zienkiewicz and Cermeau, 1984), is
available to overcome‘this problem, this is not the case in the
dynamic analysis. A very small error contained in the computed
effective stress causes a very large error in the computed
strains, scmetimes causing divergence in the solution process.
This problem, common to most of the existing models, has been
indeed the main obstacle to the two dimensional application of
effective stress models in practice.

In practice, as mentioned in the previous chapter,
meaningful prediction of induced deformation due to the cyclic
mobility involves the shear strain ranging from about one to ten
percent, from which cracks, settlement énd other deformation of
major consequence initiate. Such a large shear strain, as shown
in Figs. 1.1 and 1.2, is generated only when the effective stress
Path becomes very close to the failure line. Whereas, in the
vicinity of the failure 1line, the effective stress path

apparently converges on a certain limiting stress path, the



84

stress-strain curve does not converge on a closed hysteresis
loop; the shear strain rapidly increases in loose sand as shown
in Fig. 1.1 or gradually and continually increases in dense sand
as shown in Fig. 1.2. As seen in the previous chapter, some of
the existing models, which are successful in simulating the
cyclic mobility in the numerically robust manner, do not seem to
be very successful in simulating such increase in the shear
strain; the stress-strain curve simulated by those models
gradually converges on the limiting closed hysteresis loop at the
shear strain.- level ranging from about one to ten percent.

The second problem arising from the formulation by
Egs.(2.145), (2.148) and (2.148) relates to the shape of the
hysteresis loop for cyclic loading. The hysteresis loop simulated
with this formulation is more of a convex nature even when the
stress path is in dilative zone, as shown in Fig. 2.9, than that
observed in the laboratory shown in Fig. 1.2. Two effects
contribute to the stiffness of soil; as shown in Eqs.(2.78),
(2.97) and (2.103), one being Qv/yv, the other the function of
?(i)/vv. Increasing (—cn’) produces increase in Gy and consequently
increase in Qv/yvturEq.(z.loa), producing a stiffening in soil.
Increasing Y(“/Yv, however, produces decrease in the stiffness,
resulting in a softening in scoil. Thus a mechanism is available
for explaining a stiffening with increﬁsing (—Oﬁ') but its effect
is too mild, resulting in the unusual hysteresis loop.

A scheme‘is necessary which (1) is numerically robust, (2)
simulates the rapid or gradual increase in the shear strain
ranging from about one to ten percent while the stress path

gradually converges and (3) produces physically feasible shape
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in the hysteresis loop.

2.7.2 A Simple Scheme

A simple scheme for enhancing the numerical robustness is
to introduce an additional strength Atm in the shear strength.
Such a computational artifice is necessary only when the
effective stress becomes close to the failure line. As a measure
of the "distance" between the failure line and the current
effective stress path, the liquefaction front parameter SU in
Eq.(2.68) is conveniently used. It is postulated that, when Sy <
0.4, the additional strength is gradually increased in accordance

with decrease in S0 as
) (2.149)

in which

Arm = (ml - mz)(0.4 - SO) (2.150)

In the above equation, the term (0.4 - SU) represents the gradual
increase and the difference between inclinations of the failure
line and the phase transformation line m; and m, is conveniently
chosen as magnitude of the additionai shear strength.

Obviously the introduction of the additional shear strength
produces an adverse effect on the shear strain amplitude; the
shear strain of the order of few percent will never be achieved
or if achieved will result in the closed hysteresis loop. For

simulating the rapid or gradual increase in the shear strain
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ranging from about one to ten percent, another scheme is
necessary toc overcome the undesirable effect.

Let us go back to examine the laboratory data shown in Figs.
1.1 and 1.2. If a closer look is directed to these data, it would
be possible to recognize that the rapid or gradual increase in
the shear strain amplitude, greater than about one percent, can
be approximately simulated by rapidly or gradually enlarging the
scale of shear strain axis. Such a scheme as enlarging the scale
of shear strain is achieved by recognizing in Egs.{(2.77), (2.96)
and (2.102) that the scale of shear strain is governed by the
factor Y, which is proportional to the reference strain Yy 28
understood from Eqs.(2.114) and (2.147). Thus, if the reference
strain 1is gradually enlarged, the shear strain will be
proportionally enlarged under the same c¢yclic loading. Because
the change in the value of S0 becomes very small when SD
appreoaches zero, the reference strain should be very sensitive
to the change in Sy- From this reasoning, it is postulated that
when S0 < 0.4 the reference strain is inversely proportional to

(Swﬁ.4), such that

Y, OC 1/(8,/0. 4) (2.151)

For producing physically feasible'shape in the hysteresis
loop, it was pointed out earlier that the mechanism for a
stiffening with increasing (—om’) offers only too mild an effect;
the shear modulus Gmshould be mere sensitive to the change in (-
Um’). From this reasoning, it is postulated that the current

value of the shear modulus during cyecliec mobility is proportional
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to U%'/om’), such that
Gmoc(crm’/omn’) (2.152)

From the conditions given by Eqs.{(2.149) through (2.152),
the formulation on behalf of Eqs.(2.145), (2.146) and (2.148)
will be obtained as a simple scheme for the numerically robust
Simulation of the cyclic mobility. To begin with, when SU> 0.4,

no correction is applied for the shear strength so that the shear

strength is given by Eq.(2.145), such that

T, = Ty(0y’ /0" (if S; > 0.4) (2.153)

From the condition in Eq.{(2.152), the shear modulus during cyclic

mobility is given by
— ’ ¥ 3
G, = qm(qlfom ) (if 8y > 0.4) (2.154)
Thus, the reference strain is given by

Yy = Yy (if Sy > 0.4) (2.155)

When SU < 0.4, the factor Atm defined in Eqs.(2.149) and (2.150)

should be added to the shear strength, such that
Ty = tmo(om’/omo’) + A'L'm (if Sy < 0.4) (2.158)

From the conditicon in Eq.(2.151) and the relation in Eq.(2.155),
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the reference strain is given by

Y, = Y/ (S/0.4) (if S, < 0.4) (2.157)

Therefore, the shear modulus during cyclic mobility is given by

G, = Tm/Yn (it SU < 0.4) (2.158)

In theory when the liquefaction parameter S0 reaches the
limiting value of S1 in Eq.{(2.68), the hysteresis loop becomes a
closed loop. Such limit, in practice, can be chosen so as to
produce a shear strain amplitude of more than a hundred percent
as the limiting case; then the existence of the limit does not
cause a preblem in practice. It is further to be noted that in
the present scheme the liquefaction front parameter Soserving as
a scaling factor for the shear strain amplitude is determined by
a function of cumulative plastic shear work so that the computed
shear strain is insensitive against sporadically arising, if any,
errors during the computation process.

The present scheme is further simplified under the undrained
condition. Under the undrained condition, the state variable §
in Eq.(2.59) 1is approximately equal to (Um’/oho’)' If it is
realized that, after all, the relations in Egs. (2.153) through
(2.158) are a computational artifice which approximates the
relations in reality, it can be justified to use further
approximation that S is used on behalf of (ohﬂ/cm’) in Egs.(153)
through (158). The use of the state variable S further enhances

the efficiency and the stability of the numerical solution
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because S is directly determined from the accumulated plastic
shear work and the shear stress ratio. Such an efficient scheme

is given by the following equations : when SO > 0.4, it is given

by
T, "cmDS {(2.159)
Gm = tm/vmn (2.160)
Yo = Yoo (2.161)

T, = TS + A'cm (2.182)
Gy = /Yy (2.163)
Yp = Yo/ (S4/0.4) (2.164)

in which Atm is defined in Eqs.(2.149) and (2.150).

It is to be noted that the scheme for enlarging the scale
of shear strain is applicable only for the process in which S,
monotonicaly decreases such as the undrained or partially but
mildly drained condition. For the process in which S[l involves
increasing as well as decreasing processes, it would be necessary
to introduce an additional scheme for appropriately memorizing
the effect of the previous history of 8;- To develop such a

scheme is beyond the scope of the present study.
2.8 Summary

An attempt is made for modeling cyclic mobility of saturated

cohesionless soill. The proposed concept is of a generalized

=L AR ks o e iy

BB s g e 4 B b s 2 0
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plasticity type defined in the strain space. The concept of
mualtiple mechanism is used as a vehicle for decomposing the
complex mechanism into a set of simple mechanisms defined in one
dimensional space.

Incremental as well as integrated constitutive relations are
obtained. In particular, the tangent stiffness matrix in the
incremental relation becomes symmetric, ensuring the efficiency
in the numerical analysis, whereas the integrated constitutive
relation serves as a guide, ensuring the convergence on the
physically feasible stress strain relation.

Each virtual simple shear mechanism is assumed to follow a
hyperbolic relation in the virtual stress and strain space. The
hysteresis is given by Masing’s rule with a medification. In
order to represent the appropriate hysteresis damping factor
observed in the laborateory test during drained cyclic loading,
such a conventional tool as Masing’'s rule is not applicable in
the large shear strain level. In the present study, this problem
is overcome by introducing appropriate scaling factors for the
virtual simple shear stress and strain.

Difficulty is known to exist in the numerical analysis of
the cyclic mobility when the effective stress path becomes very
close to the failure line. In order to overcome such difficulty,
a simple scheme is proposed; modeling of cyclic mobility; not as
a yielding process, but as a process in which the scale of the
shear strain is gradually enlarged as the effective stress path
approaches failure line.

To define the "distance” to the failure 1line, the concept

of liquefaction front is introduced in the effective stress
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space. The liquefaction front, originating from the envelope of
initial effective stress points, gradually approaches the failure
line as the cyclic mobility proceeds. The liquefaction front is
used to define the volumetric strain of plastic nature as well
as to define the scale for enlarging shear strain.

The soil parameters of the present model are summarized in
Table 2.2. Number of the parameters for the proposed model is ten
if two obvious parameters, i.e. porosity of soil skeleton and
bulk modulus of pore water, are omitted in counting number of the
parameters. In particular, two parameters, i.e. the shear and the
rebound moduli, specify the elastic behavior of soil. The rest
of eight specify the plastic behavior; two parameters, i.e. the
effective shear resistance angle and the hysteretic damping
factor at large shear strain level, specify shear behavior of
soil, the others, i.e. the phase transformation angle and the

five parameters, specify the dilatancy of soil.
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Table 2.2 Parameters for the present model

Parameters | Type of Mechanism Typical Name

Ky Elastic | Volumetric | Rebound modulus

Gha Elastic | Shear Shear modulus

Py Plastic | Dilatancy Empirical parameter

=3 Plastic | Dilatancy | Empirical parameter

Wy Plastic | Dilatancy Empirical parameter

Sq Plastic | Dilatancy Empirical parameter

Cy Plastic | Dilatancy Empirical parameter

¢f' Plastic | Shear Shear resistance angle

¢p' Plastic | Dilatancy Phase Transformation angle

Hp, Plastic | Shear Hysteretic damping factor
at large shear strain level

n porosity

Ke compressibility coefficient

ofrwater
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CHAPTER 3

ANALYSIS WITH SINGLE SOIL ELEMENT
3.1 Procedure for Numerical Analysis

The model presented in the previous chapter is coded into
a finite element computer program and is used for examining
overall performance of the present approach. The most basic
performance of the present approach is examined in this chapter
by using a single so0oil element. In the analysis, the basic
equations for a porous saturated material are used with the
undrained condition (Zienkiewicz and Bettess, 1982).

Basic steps in the computation are (1) to compute the
displacement increment from the nodal force increment by using
the incremental relation in Eq.(2.38) and (2) to compute the
nodal force from the computed displacement by using the
integrated relation in Eq.(2.55). Convergence to the stress
strain relation given by Eq.(2.55) is ensured by use of
correction force as well as iteration. The scheme in Eqs.(2.159)
through (2.1684) is used for ensuring the numerical robustness.
All the results to be presented in this study are computed as a
solution of a stress controlled boundary value problem by using
one element. Thus, the numerical robuétness of the model is more
critically examined in the present study than in the commonly

adopted practice of strain controlled computation.
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3.2 Procedure for Parameter Identification

¥hen the analysis is conducted with the present model, ten
parameters should be specified, as mentioned in the previous
chapter, in addition to the two obviocus parameters of bulk
modulus of pore water Kf and porosity of soil skeleton n. In
particular, the shear mechanism is shown to be completely
specified by three so0il parameters; shear modnlus qm in
Eq.(2.67), effective shear resistance angle ¢{ in Eq.(2.65), and
hysteretic damping factor at large shear strain level Hm in
Eq.{(2.139). In addition to these parameters, there are five

parameters defining the mechanism of dilatancy; i.e. Sl' Wi Py

P, and c, appearing in Egs.(2.68) and (2.72). Though there are

p
appearing in Eqgs.(2.59) through (2.62) and bulk moduli of so0il

two more parameters such as phase transformation angle o

skeleton Ka in Egs.(2.27) and (2.46), they are so well defined
that no more explanation would be necessary. Given the so0il
parameters for shear mechanism Gy, 0 ¢f',l% as well as the well

defined parameters ¢p', K Kf, and n, the five parameters Sl’ W),

a!
Pyr Py, and ¢y for defining the cumulative volumetric strain of
plastic nature are determined from undrained cyclic loading test

results as follows.

1) First of all, the test data, commonly available in the
practice of so0il dynamics, should be provided for
representing (i) a liquefaction resistance curve (i.e. the
cyclic shear stress ratio vs. the number of the cyclic

loading N1 required to cause shear strain of 5 percent in
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2)

3)

4)

double amplitude), (ii) an envelope of an excess pore water
pressure generation curve such as shown in Fig. 3.1 by a
broken lire and (iii) an envelope of shear strain amplitude
such as shown in Fig. 3.2 by broken lines.

The parameter Sl‘takes small positive wvalue of about 0.005
50 that So‘will never be zero. In such a special case as the
stress strain curve should become a closed loop during the
cyclic mobility, S1 can take a larger value and can be
determined in a try and error manner.

The parameter ¢y for specifying the threshold level is
temporarily fixed to 1.0 as the first guess. The value of

¢, will later be modified in a try and error manner. The

1
modification in the value of €y however, does not have a
great influence upon the cyclic mobility when the shear
stress ratio 1is much higher than the threshold level.
Therefore, with.c1 = 1.0, the rest of the parameters W, Py
and p, are determined by the following steps from the test
results with a relatively large shear stress ratio.

The parameters W, and p, are determined in a try and errcor
manner from the excess pore water pressure generation
curve, In particular, the portion of the curve for p/(-cm’)

< 0.6 is used, 1in which p denotes eXxcess pore water

pressure. Because w, is not significantly influenced by

1
variation in Py the parameter W, is at first determined
with an appropriate guess of Py- The value of P, ranges from
about 0.4 to 0.7. With the determined value of W, the value

of Py is determined. In general the greater W, is, and the

greater plis, the more slowly the pore water pressure rises
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as indicated in the previous chapter in Fig. 2.5.

5) Though the parameter P, could also be determined from the
pore water pressure generation curve for p/(—om’) > 0.8, it
is better to determined the parameter p, from the envelope
of strain amplitude if the primary purpose of the cyclic
mobllity analysis is to estimate the amount of deformation
in soil structures and foundations. The value of p, ranges
from about 0.6 to 1.5; the greater p, is, the faster the
shear strain amplitude increases.

6) When all the parameters are determined by the steps
mentioned above from the laboratory data with a relatively
large shear stress ratio, the next step is to examine if
these parameters are also appropriate for representing the
laboratory data at a relatively small shear stress ratio.
If not, then the parameter clis modified in a try and error
manner. With increasing Cys the higher threshold level is

achieved.
3.3 Analysis with Initially Isotropic Consolidation Condition

Through the procedures for numerical analysis and parameter
identification mentioned earlier, tﬁe model performance is
examined through the analysis of soil behavior under undrained
cyclic leoading with the initially isotropic consdlidation
conditién. From the excess pore water pressure generation curve
and the shear strain amplitude shown‘in Figs. 3.1 and 3.2, which
correspond to the torsion shear test results shown previously in

Figs. 1.1 for Fuji River Sand at relative density of 47 %
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reported by Ishihara (1985), the model parameters, shown in the
left hand side of Table 3.1, are obtained by the back-fitting
procedure mentioned in the previous section. With these

parameters, the model gives the computed results shown by solid

lines in the same figures. Reasonable adaptability to the soil

pehavior in the laboratory is indicated by these results.

With the soil parameters for the loose sand shown 1in Table
3.1, the stress paths and the stress qtrain relations are
computed as shown in Figs. 3.3 and 3.4. If a close loock is
directed to the shape of the computed and measured stress paths
shown in Fig. 3.3, such a difference is recognized that the
computed stress path does not produce hysteresis loops in the
stress space whereas the measured one exhibits hysteresis loops
once the stress path goes over the phase transformation line. In
this respect, the present model simplifies the physically
feasible stress path during the cyclic mobility. Except for this
minor difference, the computed and the measured stress paths
agree with each other.

Similarly, a close look directed to the stress and strain
relations shown in Fig. 3.4 reveals that the initial stiffness
of the computed hysteresis curve is more rigid than the measured
one. This might egasily be corrected by assigning a smaller value
for qm: in the present computation, thelestimate of Gm was given
by adopting a laboratory equation for Toyoura sand (Kokusho,
1980), which was not very applicable in the present case. Overall
shapes of the computed and the measured stress strain curves
agree with each other. In particular, the simple scheme for

numerical robustness works quite well for representing the rapid
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Table 3.1 Model parameters for Fujil River Sand

Parameters Loose Fuji River Sand Dense Fuji River Sand
(D = 47 %) (D. = 75 %)

Ky 270500 kPa 366800 kPa

Ga 103700 kPa 140700 kPa

o 0.45 0.40

Py 1.4 0.72

Wy 2.0 2.85

Sy 0.0035 0.005

c; 1.0 1.0

singg' 0.87 0.91

sin¢p' 0.42 0.42

Hy, 0.3 0.3

n 0.45 0.40

Kg 2.0x10% kpa 2.0x10% kxPa

ma' ) = 98 kPa. The computation was

a

K, and G, are given for ({(-o

done with number of the shear mechanism I

incremental loadings for 1/4 cycle.

= 12 by 50 steps of

g
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growth of shear strain at least up to the order of several
percent.

Similar comparison is also made for dense sand. Parameter
identification is done for Fuji River sand of the relative
density of 75% shown in Fig. 1.2 in the similar manner. With the
soil parameters for the dense sand in Table 3.1, the stress paths
and the stress strain relations are computed as shown in Figs.
3.5 and 3.6, indicating again good agreement with the laboratory
test results for the dense sand.

The mechanism mobilized during cyclic 1loading is quite
simple to understand for the initially isotropically consolidated
sand. The virtual simple shear mechanisms mobilized during these
torsion shear test are only those indicated by the pairs of small
circles drawn with solid lines in Fig. 2.1. With each cycle of
torsion shear, the circie in Fig. 2.1 begins its growth from the
origin toward the positive direction, then shrinks back to the
origin, then begins its growth toward the negative direction, and
then shrinks back again to the origin. Radius of the circle

becomes larger and larger as the cyclic torsion shear goes on.
3.4 Analysis with Initially Anisotropic Consolidation Condition

With the appropriate applicability‘of the present mcdel in
the isotropic condition seen in the previous section, the next
step is naturally to move on to the case with the initially
anisotropic consolidation condition. The effect of initial
anisotropic consolidation is examined by simulating the undrained

torsion shear tests with the earth pressure coefficient at rest
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3.4.1 Analysis with Bulging Constrained

First of all, the soil behavior under the undrained cyclic
loading is analyzed with keeping the bulging of soil constrained
as in the level ground. The same parameters for the locse sand
in Table 3.1 and the same initial confining pressure are used in
the computation. The results indicate that the initjial deviatoric
stress due to I{{J consolidation is gradually released as the
cyclic loading continues as shown in Fig. 3.7.

The results also indicate, as seen through the comparison
of Fig. 3.7(a) and Fig. 3.8 with Figs. 3.3 and 3.4, that the
stress path and the stress strain relation in the initially
anisotropically consolidated sand are quite similar to those in
the initially isotropically consolidated sand. If the shear
stress ratio, i.e. the ratio of the cyclic shear stress over the
initial confining pressure, is plotted, as shown in Fig. 3.9,
with number of the cyclic loading regquired to cause shear strain
of 5 percent in the double amplitude, the computed result for the
isotropically consolidated sand agrees with that for the K0
consolidated sand. This is consistent with the results identified
through the laboratory study (Ishihara, et al, 1977) mentioned
in Chapter 1. ‘

The mechanism involved in this type of so0il behavior is
understood as follows. In the present approach, the effect of the
aniso@ropic consolidation is to indﬁce such a compression shear
as those indicated by the upper half of the small circles shown

by broken 1line in Fig. 2.1; i.e. this type of shear mainly
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affects the virtual simple shear mechanisms oriented to or close
to /2 direction relative to x axis. It does not significantly
affect the virtual simple shear mechanisms oriented to or close
to x axis. The cyclic simple shear induced after the initial
anisotropic consolidation invelves conly of those mechanisms
indicated by the solid lines in Fig. 2.1. Thus, the virtual
simple shear mechanisms mobilized during the cyclic simple shear
are mainly those which were unaffected by the initial anisotropic
consclidation. This naturally explains that the behaviocr of soil
under the c¢yclic simple shear loading is not affected by the
initial anisotropic consolidation condition if the initial mean
effective stress remains the same.

The commonly adopted practice in the study on the
constitutive relation of so0ils is to interpret the above
mentioned behavior of s0il by separating the strain increment due
to the rotation of principal stress axes from the principal
strain increment due to the current principal stress. In
contrast, the present approach offers, as seen above, a much more
simple and clear perspective upon the mechanism of the behavior

of the initially anisotropically consolidated soil.

3.4.2 Analysis with Bulging Unconstrained

The model performance examined abﬁve is closely related to
the one dimensional analysis of the cyclic mobility occurring in
the level ground in which bulging of scil is constrained. When
the two dimensional analysis is conducted for such scil
structures as embankments, initial stress due to gravity will act

as a driving force for gradual settlement and bulging. In order
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to examine the ability to simulate this type of mechanism, an
undrained torsion shear test with initially anisotropically
consolidated sand is analyzed with keeping the initial axial
stress difference unchanged as the stress boundary condition. The
same parameters for the dense sand in Table 3.1 and the same
initial confining pressure and the shear stress are used in the
computation. By applying such a large amplitude of the shear
stress, the numerical robustness of the present approach is more
critically examined.

The results, as shown in Figs. 3.10 and 3.11, indicate the
limit in decreasing value of (—om') and the gradual settlement
with bulging of scil element, i.e. cumulative increase in the
axial strain difference Ex_ey' These results are consistent with
the previous laboratory study (Ishihara and Li, 1972), suggesting
reasonable applicability in the two dimensional analysis.

In the present approach, the mechanism involved in this type
of analysis is understood as follows, As mentioned in the
previous subsection, the effect of the anisotropic consolidation
is to induce such a compression shear as indicated by the upper
half of the small circles shown by the broken line in Fig. 2.1.
The cyclic torsion shear further mobilizes those mechanisms
indicated by the solid lines in Fig. 2.1. While the mechanisms
indicated by the solid lines repeat the change from the positive
to the negative direction and vice versa, the mechanism indicated
by the broken line grows toward the positive direction, resulting

in the bulging with the settlement of the scil element.




113

0.8
0.6

0.2
0.0

Txy/(—d'mo,)

0.6

|

— On’ (kPa)

{(a) Relation between Txy/(—cmo') and (-g, ')

CD
S
|

—
—
—

! ]
80 100
—on’  (kPa)

(b) Relation between T=(04'-03')/2 and (-oy')

Fig. 3.10 Computed stress path for dense sand (KO = 0.5 with

bulging unconstrained )



114 0-8

Txy/("'()'mo’)

5.5
Yy (%)

(a) Relation between Txy/(—qmo') and Yxy

0.8

0.6 .
0.44
'"“ 0.2}
? 0.0
< 0.2H
¥ 0.4k
0.6H
l | |
I 6 8

0.8
0 9

€x ~ £y (%)
(b) Relation between Txy/(—UmO') and (Ex—EY)

Fig. 3.11 Computed stress strain curve for dense sand (K0 = 0.5

with bulging unconstrained)




115

3.5 Effect of Initial Mean Effective Stress

Effect of initial mean effective stress on the behavior of
s0il is one of the most important issues in the physical model
testing of soil-structure systems in 1 g gravity field (i.e. a
common type of shaking table tests). This aspect of the model
performance is examined by computing the stress paths and the
stress strain relations under undrained cyclic loading at several
initial confining stresses with the same stress ratios. The same
parameters for the loose sand shown in Table 3.1 is used for the
computation.

The results, as shown in Fig. 3.12, indicate that the stress
path is not affected by changing the initial effective mean
stress if the shear stress ratio remains the same and the
effective mean stress is plotted in the normalized coordinate
shown in Fig. 3.12. This is consistent with the previous
laboratory findings; i.e. ligquefaction resistance defined by
excess pore water pressure rise is approximately independent of
the initial confining pressure (Lee and Seed, 1967).

The stress and strain relations shown in Fig. 3.13, however,
indicate that the strain is affected by the initial mean
effective stress. The strain is, as shown in Fig. 3.14,
proportional to the square root of the initial mean effective
Stress. This is consistent with the laboratory results conducted
under the drained condition (Pradhan et al, 1989).

These results are a natural consequence of the formulation
given in the previous chapter. The stress path is governed by

such normalized variables as normalized plastic shear work w in
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Eq.(2.63) and deviatoric stress ratio r in Eq.(2.59), both of
which are unaffected by the initial mean effective stress. The
shear strain, however, is governed by the normalizing factor in
Eq.(2.79), which is proportional tc the square root of the
initial' mean effective stress. To be more specific, the
normalizing factor in Eq.(2.79) is, as shown in Eq.(2.114),
proportional to the reference strain in Eq.({(2.686), which is in
turn proportional to the square root of the initial confining
pressure as understood from Egs.(2.65} through (2.67).

These properties of soil seen above will affect the overall
performance of scaled physical models of so0il structures and
foundations in 1 g gravity field. Full consideration upon this
issue naturally leads to a similitude for physical model testing.
A key to this is introducing scaling factors for stress as well
as strain. The details are found in a paper by the author (Iai,
1889). An example is also given in a relevant discussion (Iai,

1880).
3.6 Applicability to Soil Element Analysis

In the present chapter, the most basic performance of the
present model is examined with a single so0il element. With the
appropriate identification procedure for the model paraﬁeters,
the present model shows reasonable adaptability to the laboratory
data. The rapid as well as gradual increases in the shear strain
amplitude greater than several percent in both loose and dense
sand are simulated in the numerically robust manher. The effect

of initial stress congdition, either isotropically or
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anisotropically consolidated, is reasonably analyzed in the
manner consistent with the laboratory findings. Moreover, the
complex mechanism in the simple shear o¢f anisotropically
consolidated so0oil becomes very simple to understand according to
the present approach; the key to this is the virtual simple shear
mechanisms oriented intoe arbitrary directicns. Effect of the
initial effective mean stress 1is also consistent with the
laboratory results. It is concluded that the present model has

reasonable applicability in the single element analysis.
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CHAPTER 4

ONE DIMENSIONAL ANALYSIS OF LEVEL GROUND

Behavior of level ground shaken by strong earthquake motions
is an issue of a wide engineering concern especially when the
ground consists of saturated cohesionless soil. It often involves
high excess pore pressure rise and presents a potential threat
to stability of soil structures and foundations. The cyclic
mobility defined in the earlier chapter is one of the most
relevant mechanisms to this phenomenon.

Analysis of the level ground is of one dimensional nature
and hence is of the most fundamental application of the cyclic
mobility model. The level ground is, as mentioned in the previous
chapter, initially at the anisotropic consolidation condition and
then is shaken in the simple shear mode. The mechanism involves
rotation of principal stress axes as mentioned earlier. How the
present cyclic mobility model will perform in this type of
analysis is yet to bhe known through the analysis. In this
chapter, applicability of the present cyclic mobility model is
examined by conducting shaking table tests of level model ground

consisting of loosely deposited saturated sand.

4.1 Shaking Table Tests

4.1.1 Outline of Model Tests
The level model ground in the present study has dimensions
of about 2 meters in diameter and height, contained in a stack

of 64 aluminum rings. Three series of shaking table tests are
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reported in the present study; two of them are shaken with a
sinusoidal input motion, the rest with an earthquake input
motion.

The tests were originally conducted as a part of the study
on performance of gravel drains which were installed in a sand
deposit as a remedial measure against liquefaction (Iai, 1988).
Out of the nine series of model tests conducted with and without
a gravel drain, three model tests without a gravel drain,
conducted as a reference representing performance of pure sand
depeosit, are selected for the present study.

In the present study, the two series with a sinusoidal
input motion will be called R-300 and R-600 series, the rest with
an earthquake input moticn will be called R-800 series, as were

originally called in the previous study on the gravel drain.
4.1.2 Shaking Table and Container

(1) Shaking Table

The shaking table used in the model testing is of
electromagnetic type. This type of shaking tables is known to
achieve the best accuracy in reproducing input motions. Degree-
of-freedom of motion of +the shaking table is one in the
horizontal direction. Dimensions of the table are four meters in
length by 3.5 meters in width. More specifics on the shaking

table are shown in Table 4.1.

(2) stack of 64 Aluminum Rings

Upon the shaking table, a container is set up for conducting
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Table 4.1 Specifications on the shaking table

Items

Specifications

Freedom of shaking

Maximum amplitude of displacement

Maximam total load (including dead load)

Dead load

Dimensions of the table

Maximum amplitude of displacement

Maximum amplitude of velocity

Maximum amplitude of acceleration when
the maximum load is shaken

Shaking motion

Effective frequency range

One horizontal direction

18 tonf G

40 tonf

15 tonf

4m {in the direction of vibration) x3.5m
10an

25¢am/s

0.45G
Arbitrary motions controlled by input data

from 1 to 100 Hz
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the model testing of loosely deposited saturated sand. The
container, as shown in Fig. 4.1, is made of a stack of 64
aluminum rings; each ring has the inside diameter of 190 cm, the
cutside diameter of 194 cm and the thickness of 3 cm. The total
height of the stack amounts to 207 cm. In order to reduce the
friction between the rings, roller bearings of 0.245 cm in
diameter are inserted at eight locations along the circumference
of the rings. On the top of the container, a load of 2.5 tf in
weight is placed for preventing rocking motion of the container
during shaking. Ball bearings of 3.8 cm in diameter are inserted
between the load and the top edge of the container in order to
reduce the friction between them. |

In addition to the stack of rings, an inner cell is used
because the model ground is saturated with water. A rubber
membrane of 0.13 cm in thickness is used as the inner cell.

After carefully setting up the rings and the rubber
membrane, the exact inside diameter, including the thickness of
the rubber membrane, is measured by filling up the container with
water. The repeated measurements result in the average value of

189.6 cm as the inside diameter of the container.
4.1.3 Instrumentation

(1) Measured items

Response of the level mocdel ground is monitored by recording
excess pore water pressures, displacements and accelerations. In
addition, density of the level model ground is determined by

measuring the total weight and the volume of the sand poured into
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the container. Cone penetration resistance and shear wave
velocity are also measured for determining the initial condition

of the model sand deposit.

{2) Arrangement of the instruments

The instruments such as pore water pressure gauges and
accelerometers are, as shown in Fig. 4.2, deployed in an array
configuration. The original reason for adopting the array
configuration was for measuring spacial ﬁariation of the pore
water pressure within the model ground when the gravel drain is
installed in the middle of the model ground. When the gravel
drain 1is not installed as are in the present cases, the array

configuration does enhance reliability in the measurement.

(3) Instruments

The following instruments are used in the present study.
a) Pore water pressure gauges

The pore water pressure gauges used in the present study are
of strain gauge type. They are calibrated by changing the level
of the pore water pressure gauges within water, which is filled
in a water pool of about 1.2 m in depth. The outputs of the pore
water pressure gauges during the calibration are examined for
such specifics as linearity and hysteresis. The results bonfirm
that noises and errors contained in the outputs are less than 1
% in the pressure ranges to be measured in the present study.
Stability of these instruments are confirmed by conducting the
calibration before and after the shaking table tests.

Specific weight of the pore water pressure gauges is so
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adjusted as to be the same as that of the saturated sands by
using attachments made of styrofoam as shown in Fig. 4.3 (a). In
addition, locations of the pore water pressure gauges are fixed
by using fishing lines. As shown in Fig. 4.3 (b), the fishing
lines are suspended from the cross beams placed at the top of the
container. Bottom ends of the fishing lines are fixed at the base
of the container. Tensions given to the fishing 1lines are
adjusted with miniature turnbuckles in order to mitigate the
undesirable effects on dynamic response of the model ground.

After fixing the pore water pressure gauges with the fishing
lines, the model ground is made by pouring sand into water; the
details in the pouring procedure will be described in the later
subsection. As the sand poured in, the water is gradually leveled
up and, when the level of the water becomes high enough, small
air bubbles are removed within the water from the pore water
pressure gauges in order to assure the accuracy in the pore water
pressure measurement.
b) Displacement transducers

The displacement transducers used in the present study are
of inductance type, minimizing undesirable reaction force
possibly to be applied from the transducers to the model ground.
Main bodies of these transducers are aptached to a rigid steel
pole which is rigidly fixed to the shaking table as shown in Fig.
4.2. The other ends of the transducers are fixed to the aluminum
rings of the so0il container and thus the transducers measure
displacements of model ground at five levels.
C) Accelerometers

Two types of accelerometers are used in the present study.
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One has the bulk density being approximately the same as that of
the saturated sand. The other has larger bulk density but has
»such an attachment as shown in Fig. 4.4 for ensuring better fit
with the sand deposit. The fishing lines are used for fixing
positions of the accelerometers as in the same manner as for the
pore water pressure gauges. At the final stage for fixing the
accelerometers in the sand deposit, fine adjustments are made for
leveling the accelerometers by monitoring the output of each
instrument. All the upper parts of the fishing lines suspended
from the crossbeams are cut, when the model ground is completed,
in order to minimize undesirable effect of the fishing lines on
the accelerometers.
d) Other instruments

In addition to the instruments mentioned above, a loadcell
is used for measuring weights of the sand for computing density
of the model ground. The loadcell is calibrated six times during
the model testing by using iron weights. The result of the
calibration reveals fluctuation of 0.8 %, which amounts to 3.5
% errors in estimating the relative densities of the sand deposit
in the present study.
e} Specification of the instruments

More specifics in the above-mentioned instruments are

summarized in Table 4.2.

4.1.4 Properties of Sand
The sand used for the shaking table tests was taken at Gaiko

district of the Akita Port in Japan. Exact location for the soil
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sampling is shown by x-mark in Fig. 4.5. The area around this
location was reclaimed with sand which was dredged from the
nearby sea bottom. The area liquefied during the 1983 Nihonkai-
Chubu Earthquake of magnitude 7.7 (Tsuchida et al, 1985).

The sand has fines content ( i.e. percentage of soil
particles finer than 0.074 mm by weight) of less than 5 %. Such
a small amount of fine particles 1is believed to have little
influence upon the liquefaction resistance of the sand. In the
present study, the fine particles are completely washed out for
mitigating the tendency for poured sand to form thin layers of
fines due to segregation during pouring process. In this way
uniformity in the model sand deposit is ensured in the present
study.

The grain size accumulation curves are shown in Fig. 4.6 for
the sand of which fine particles have been washed out. Physical
preoperties and permeability of the sand are shown in Table 4.3
and Fig. 4.7. The maximum and the minimum density of the sand,
shown 1in Table 4.3, are obtained by adopting the testing
procedure indicated by the Japanese Society of Soil Mechanics and
Foundation Engineering (1979).

In order to evaluate the mechanical properties of the sand
used in the model testing, triaxial tests are conducted under the
drained condition at the low confining pressures of 30 and 49
kPa. The results are shown in Fig. 4.8.

In addition, undrained cyclic loading tests are conducted
with a triaxial testing apparatus under the initial confining
pressures of 088 kPa. Unfortunately the sand used for the

undrained cyclic loading test is not exactly the same as that
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Table 4.3 Physical properties of Gaiko sand

Date of Test Oct. 18, | Nov. 13, Nov. 13, Nov. 15,/ Nov. 15, Jan. 9, | Jan. 25, Average Standard
1984 | 1984 | 19841 1684 1984 1985 | 1983 Deviation
Specific Gravity G, 2.665 | 2.662 | 2.667| 2.672| 2.676| 2.662| 2.663 | 2.667 0. 003
Gravel 0.4 0.4 0.4 0.3 0.4 0.1 0.3 0.33 0. 10
Grading {Sand 99.3 |99.2 |99.1 1987 [99.0 !99.2 |99.3 99.1 0.2
Silt 0.3 0.4 0.5 1.0 0.6 0.7 0.4 0.56 0.2
Dg (mm) 0.14 | 018 ! 0.23 | 018 | 0.21 | 0.15 | 0.18 0.181 0.03
Dy (mm) o.11 | 0.12 | 014 | 0.12 | 0.14 | 0.12 | 0.13 0.126 0.01
Cofficient of Uniformity Us| 1.3 1.5 1.6 1.5 1.5 1.3 1.4 1. 44 0.10
€max 1,346 1.355| 1.349| 1.342 ] 1.361| 1.375| 1.341 | 1.353 0. 011
i Cmin 0.879 | 0.866 | 0.836| 0.849 | 0.870 | 0.885| 0.851 0.865 0.013
¥
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used in the shaking table tests or in the drained triaxial tests;
the original sand taken from Gaiko district is used for the
undrained cyclic loading test. The amount of the fines contained
in the original sand is, as menticned earlier, less than 5 % and
hence the author believes that this much of fines will not cause
a significant influence upon the properties of sand under cyclic
loading. The maximum and the minimum void ratios of the sand used
for the undrained cyclic loading test are 1.300 and 0.798, which
are slightly different from those of the sand used for the
shaking table tests and the drained triaxial tests shown in Table
4.3, In the present study, relative densities of the sand
specimens for the undrained cyclic loading test are calculated
with the maximum and the minimum void ratios cobtained for the
sand used for the shaking table tests and the drained triaxial
tests.

The resultls of the undrained triaxial cyclic loading tests
are shown in Figs. 4.9 and 4.10. The initial confining pressure
is 98 kPa. The coefficients of volume compressibility are also
obtained by measuring the amount of the pore water drained after
the undrained cyclic loading. The results are presented in Fig.

4.11.

4.1.5 Model Preparation
The level model ground is prepared, as illustrated in Fig.

4.12, through the following procedure.

(1) Pouring water

First of all, the instruments are fixed with the fishing
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lines as mentioned earlier. Secondly, temporary scaffolds are
suspended from the steel framework constructed around the soil
container in order to provide engineers the footholds for
preparing the model ground with minimum disturbance to the so0il
deposit. Water is then poured into the container up to the level
of 30 cm. Small air bubbles are removed, as mentioned earlier,
from the front surfaces of the pore water pressure gauges when

the level of water becomes high enough to work on.

(2) Pouring sands
Sand is then poured into the water for forming the model
ground. The sand has been oven dried before pouring and stored

3 in capacity. The weight of the dry sand

in the hoppers of 0.5 m
is measured with a loadcell before pouring. An engineer con the
temporary scaffold then carefully pours the sand into water with
a hose attached to the hopper. At the other end cof the hose, a
screen with 5 mm mesh is attached to the nozzle for reducing the
speed of pouring sand particles. The level of the screen is kept
at the level of about 20 cm above the water level. While the sand
is poured into water, the level of the sand deposit is
continually monitored by another engineer for ensuring the level
of the sand deposit being at least 5 cm below the water level.
The sand deposit is thus leveled up to about 20 cm. Then, the

temporary scaffold is leveled up to 20 cm ready for the next

stage of pouring.

(3) Forming gravel layer

After the above-mentioned process of pouring water and sand
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is repeated nine times, the surface of the sand deposit is
carefully leveled at the height of 180 cm. Exact level of the
model ground is measured at the grid points shown in Fig. 4.13
for computing density of the model ground. Cone penetration tests
are also conducted for examining uniformity in the density of the
sand deposit.

Gravel layer is then formed in the thickness of 20 cm by
carefully placing crushed stones on the top of the sand deposit.
Grain size accumulation curves of the crushed stones are shown
in Fig. 4.14. The water level is kept at the top of the sand
deposit.

Finally, as partly mentioned earlier, a weight of 2.5 tf is
placed at the top edge of the stack of aluminum rings for
preventing rocking motion of the model grcund. The load is

applied only to the stack of rings.

4.1.6 Initial Densities and Other Properties of Models

The model grounds made by the aforementioned procedure have
initial properties summarized in Table 4.4. Shear moduli at small
strain level, shown in this table, are obtained before the
shaking test with two methods; one using shear wave velocity
measured through impulse response tests of the model, the other
using a resonant frequency of the model. The impulse résponse
test is conducted by lightly hitting the edge of the shaking
table with a wooden hammer. The resonant test is conducted with
Sinusoidal input motions of about 5 Gals in amplitude for the
duration of 10 cycles at each frequency. A typical record of the

impulse test and a typical result of the resonant test are shown
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in Fig. 4.15 and 4.16.

The properties of the model ground after the entire series
of shaking tests are determined through the similar tests as -
shown in Table 4.5.

The cone penetration tests, as shown in Fig. 4.17, indicate
that initial densities of +the model ground are practically
uniform along the depth. The densities after the shaking,

however, do not seem to be uniform along the depth.

4.1.7 Input Motion

Input motions used for the present study are, as mentioned
earlier, of sinusoidal and earthquake wave forms. The sinusoidal
input motion is of 2 Hz and of 20 cycles. The earthquake motion
is a reproduction from the strong acceleration record at Akita
Port during 1983 Nihonkai-Chubu Earthquake of magnitude 7.7
recorded at about 100 km from the epicenter. The wave form of the
input motion used in R-800 series is shown in Fig. 4.18.

As mentioned earlier, each series of tests consists of
several stages of tests shaken with the input motions of various
amplitudes. Each stage are designated with a sequential number
such as R-301, R-302, etec. The entire set of these tests are
summarized in Table 4.6 with the case numbers and the maximum
accelerations of the input motions togefher with representative
values of the maximum excess pore water pressures generated in
the sand deposit. OQut of these cases, five cases, i.e. R-302, R-
303, R-602, R-603 and R-802, are selected for the present study
because they are considered to be shaken at the virgin

conditions, 1.e. shaken at the conditions without major pre-
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Table 4.5 Properties of the model ground after the shaking test

Series Dr Tsat . G
No. (2) (gf/cm®) (kgf/cm?)
R-300 | 48 | 1779 1124 | 110/69
R-600 | 41 | 1772 1.155 121/73
R-800 | s0 | 1789 | 1l12 151/90

Dr @ relative density

Tsae © saturated unit weight of sand deposit

¢ : void ratio of sand deposit

Go : shear modulus at small strain level
{value obtained by impulse test/value obtained by resonant
test)
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Table 4.6 Levels of the input acceleration and result of maximum .

excess pore water pressure ratio

{a) R-30( series (b) R-600 series

Date: Dec. 17, 1984
Temperature: 13T in water

Date: Nov. 19, 1984 oo i s
Temperature: 14T in air 13.5% in air
Case Amex . Dr Case Amax - Dr
No. (GaD) Hmax/Tus (%) No. (Gal) max/Tuo (%)
R-301 5.9¥% 0.01 31.0 R-601 3.4* 0.01 28.7
302 50 0.63 602 30.0 0.16 (29.0)
303 81 1.01 603 84.0 1.01 (39.6)
304 48 0.98 604 ! 61.0 1.03 47.6)
(305) — — 603 9.1* 0.03 —
306 6. 2% 0.15 606 59.5 0.99 (32.8)
307 34 0.14 607 . 59.5 0.97 (36.7)
308 45 0.13 608 | 13.1% 0.02 58.2
309 5 0.96 @maxe: Max. Acceleration of Input Motion
310 68.5 0.92 tmax’/Opo’? Max. Excess Pore Water
311 6.7* 0.02 Pressure Ratio at P 13
312 33.5 00.8 D7 : Relative Density, ( ) is obtained by
313 47 0.14 sattlement gauges
S 76 0.89 * : Resonant Test
313 107 0.81
- . -
316\4 e — 65.7 () R-800 series
mesired s Max. Bxcess Pore Water Date: Jas. 12, 1985
Pressure Ratio at P 23 emperature: 9C in water
Dr : Relative Density 10C in air
* : Resonant Test Case | amas Hmax/Toe’ Dr
No. (Gal) (%)
R-801 7.0% 0.01 | 25.3
BO2 | 104.5 0.90 (C29.1D
803 | 157.6 0.98 |(34.6)
804  226.4 1.02 [(40.8)
805 B. 5% 0.02 —
805 95.9 0.55 |(42.0)
807 | 150.7 0.55 |(43.6)
808 192.5 0.57 {(45.3)
809 13.4* 0 46.3

@max: Max, Acceleration of Input
Motion
e/ 0yd : Max, Excess Pore Water
Pressure Ratio at P13

Dr: Relative Density, { ) is obtai.
ned by settlement gauges

* Resonant Test



153

stress history.
4.2 Results of the Model Tests
4.2.1 Results for Sinusoidal Input Motion

{1) Excess pore water pressure

When the model ground is shaken by the sinusoidal input
motion of 2 Hz for the duration of 10 seconds, excess pore water
pressures gradually increase as shown in Figs. 4.19 through 4.22.
Levels of the input motions at the shaking table are 30, 50, 81
and 84 Gals 1in the cases R-602, R-302, R-303 and R-603,
respectively, and the results for sinusoidal input motions are
shown in this order. The alphabet and number appearing at the
bheginning part of each time history, e.g. "PIC-Pl2", corresponds
to that given to each instrument shown in Fig. 4.2. In Figs.
4.19 through 4.22, excess pore water pressures are normalized by
the initial vertical effective stresses at each location of the
instrument. Layout of the time histories shown in those figures
approximately corresponds to that of the instruments if the lower
half of the figures could be moved to the right side of the upper
half.

The maximum pore water pressure rétios attained in these
tests are about 0.2 and 0.8 in the cases R-602 and R-302,
respectively. The ratios reach 1.0 at about 3 seconds in the case
R-303 and at about one second earlier than this in the case R-
603. Initial relative densities of the model grounds are about

28 % in all of the cases and hence the difference in the levels
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of the shaking might be a main cause for the varying degree of
excess pore water pressure generation.

Some possibility was anticipated of an arching effect due
to the friction hetween the rubber membrane and the model ground
and hence of ncon-uniformity in the excess pore water pressures
measured at the same depth in the medel ground. The results shown
in Figs. 4.19%9 through 4.22, however, assure that uniformity is
indeed achieved throughout the model ground in the excess pore
water pressures measured at the same depth.

When the shaking stops at 10 seconds, the excess pore water
pressures begin to decrease. Obviously effect of dissipation of
excess pore water pressures is involved not only after the
shaking but also during the shaking. The rate of decrease in
excess pore water pressures is, as shown in those figures, slower
than the rate of increase during the 10 seconds of shaking,
indicating that the dissipation during the shaking in these tests
has a minor effect relative to that of the excess pore water
pressure generation. In consequence, the increasing part of
excess pore water pressures 1in these tests 1is basically
approximated with the mechanism of undrained behavier of

saturated sand.

{(2) Accelerations and displacements

A dynamic response of the model ground corresponding to
those excess pore water pressures results in the accelerations
and displacements shown in Figs. 4.23 through 4.26. The alphabet
and number for each time history, e.g. PIC-Al5, corresponds to

that of each instrument shown in Fig. 4.2. In particular, the
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time history of A0, shown in the lower left corner, is the
acceleration of the shaking table. The time history of AHO, shown
at the third row in the center column of the lower half of the
figures, is the horizontal acceleration cof the load put on the
top edge of the container for suppressing the rocking motion of
the model ground, the time histories of AV1 and AV2, shown above
that of AHO, are the vertical acceleration of the top edge of the
container for detecting rocking motion. Those of AHO, AV1 and
AV2, in an ideal case, should show a null sequence (i.e. zZero
acceleration). In Figs. 4.23 through 4.26, those of AVl and AVZ2
show that rocking motion is indeed suppressed but that of AHO
shows some amount of friction force is transmitted through the
ball bearings between the load and the top edge of the container.

In order to see the relation among excess pore water
pressure, acceleration and displacement, typical time histories
are reproduced in Figs. 4.27 through 30 with the distribution cof
the maximum excess pore water pressure ratios in Fig. 4.31. These
figures indicate that, when the excess pore water pressures reach
about half of the 1initial vertical effective stress, the
amplitudes of displacements significantly increase. Some changes
are also recognized in the acceleration but they are not very
remarkable partly because the aforementioned, adverse effect
exists due to the friction force transmitted from the load put

on the top edge of the container.

4.2.2 Response for Earthquake Input Motion

(1) Excess pore water pressure
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Fig. 4.31 Distribution of maximum excess pore water pressures in
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Earthquake excitation is composed of various kinds of half
cycles of waves; some are large, some are small, some are long,
some are short, some contains high frequency components, some
contains only low frequency components. If, for example, a strong
pulse—-like excitation is applied, excess pore water pressure will
be increased virtually under the undrained condition. If a
smaller excitations are repeated after this, excess pore water
pressure will still be generated but effect of dissipation might
be possibly stronger, resulting in the decrease in the excess
pore water pressure even during the shaking.

This type of behavior of the model ground is recognized when
the model ground is shaken by the earthguake input motion shown
in Fig. 4.18 for the duration of 90 seconds. Excess pore water
pressures gradually increase up to about 30 seconds as shown in
Fig. 4.32 and after that they gradually decrease though the
shaking continues in the smaller amplitude. The maximum
acceleration of the input motion is 105 Gals measured at the
shaking table.

If a closer look 1is directed to the time histories,
instantaneous high rates of increase in excess pore water
pPressures are recognized at about 18 and 22 seconds. The maximum
excess pore water pressure ratios attained in the test are about
1.0. Uniformity is confirmed in the excess pore water pressures
measured at the same depth in the model ground. The rate of
increase in the excess pore water pressures is much faster than
that of decrease, indicating that increasing part of the excess
pore water pressure in this test is basically approximated with

the mechanism of undrained behavior of saturated sand.
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(2) Accelerations and displacements
A dynamic response of the model ground corresponding to
those excess pore water pressures results in the accelerations
':and displacements shown in Figs. 4.33 and 4.34.
In order to see the relation among excess pore water
pressure, acceleration and displacement, typical time histories
are reproduced in Fig. 4.35 with the distribution of the maximum

excess pore water pressure along depth in Fig. 4.36,

4.3 Scil Parameter Identification

As mentioned in Chapters 2 and 3, the proposed model needs
10 soil parameters to be specified in the analysis. Three
parameters relate to the shear behavior of sand, the rest relate

to the volumetric and dilatancy behavior.

4.3.1 Parameters for Shear Behavior

Parameters for shear behavior to be specified for the

present model are elastic shear modulus qm' at an effective
confining pressure of om’, shear resistance angle ¢f’ and the
limiting value of hysteretic damping factor Hy (i.e. the
hysteretic damping factor at large shear strain amplitude.)
The elastic shear modulus qm in the present analysis is
determined from the shear wave velocity measured through the
impulse test. The effective confining pressure of cmf is
calculated at the middle level of the model ground by assuming
. K. = 0.5. The shear resistance angle mf' is read off from Fig.

!
4.8 at the relative density of 29 %. Finally, the limiting value
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of hysteretic damping factor Hﬁ is determined as 30 % by
referring to the previous studies on the dynamic properties of

sand shown in Fig. 1.5.

4.3.2 Parameters for Volume Change

The parameters to be specified for volume change are the
rebound modulus of soil skeleton Ka at the effective confining
pressure of qm’, phase transformation angle ¢P’ and the rest of
five parameters Py Py Wy, S1 and 4 defining dilatancy of
cumulative volume decrease.

The rebound modulus of soil skeleton Ka is determined by
assuming that Poisson's ratio is 0.3. This choice of Poisson’s
ratio brings the coefficient of earth pressure at rest about 0.5
when the initial static analysis is conducted with 1 g gravity.
Unfortunately no laboratory data is found for suggesting the
value of phase transformation angle of Gaiko sand. By referring
to the phase angle of Kawagishi-cho Sand (Ishihara et al, 1989),
prhase transformation angle ¢p' is assumed to be the round off
value of 30 degrees,.

The rest of five parameters Pyy Pyy Wy, S1 and ¢, are
determined by the procedure mentioned in the Section 3.2 based
on the laboratory data shown in Figs. 4.9 through 4.10. It is
assumed that the undraiﬁed triaxial streés condition, with the
initial isotropic consclidation condition, produces the soil
behavior similar to that at the undrained plane strain condition.
This assumption might be appeared rather crude at first sight but

it can be justified as follows.

The present model is, as mentioned earlier, formulated for
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simulating two dimensional behavior of scil as an approximation.
If the present model is extended for three dimensional behavior
of so0il, additional virtual simple shear mechanisms will be
necessary so that the virtual simple shear mechanisms are
directed at arbitrary directions in the three dimensional space.
With the extended model, there will be additional contribution
from the additional virtual simple shear under either the
triaxial or the plane strain conditions. Their contributions
obviously will depend on the test conditions. There is, however,
a commoh virtual simple shear mechanism of which contribution is
predominant during these tests; i.e. the virtual simple shear
mechanism oriented along the direction of cyclic shear loading.
Consequently, though there is a difference between the so0il
behaviors during the two types of tests, the difference is
considered minor.

The parameters thus determined are shown in Table 4.7. The
computed liquefaction resistance curve and the excess pore water
pressure rise are shown in Figs. 4.37 and 4.38. As shown in Fig.
4.38, the present model, with the aforementioned parameters for
shear, does not give a good fit to the measured excess pore water
pressure rise. If a better fit is attempted to the measured
excess pore water pressure rise, then the shear strain amplitude
becomes too large and a fit to the liquefaction resistance curve
becomes worse. Thus, the parameters are determined as they are.
The typical effective stress path and the stress strain curve

computed by the present model are also shown in Fig. 4.39.
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Table 4.7 Soil parameters for Gaiko sand

G ma

Ka (bulk modulus of soil skeleton)
-oma’ (effective confining pressure

for Gma and Ka)

¢f (effective friction angle)

¢p (phase transformation angle)
51

wl

pl

pa

cl

[l

il

1l

11400 kPa
24700 kPa
8.0 kPa
37 degree
30 degree
0.005

5.95

0.5

0.9

1.8
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4.4 Analysis of Level Model Ground

4.4.1 Response to Sinusoidal Input Motion

The response of the model sand deposit is computed by
representing the continuous soil deposit with 20 so0il layers of
finite elements as shown in Fig. 4.40. For ensuring stability in
the numerical analysis, small amount of Rayleigh damping is used
with a = 0 and B = 0.0001. Rayleigh damping is gradually reduced
in accordance with the progress of eyclic mobility. Time
integration is done by Wilson's 8-method with 8 = 1.4 and time
interval of At = 0.01 seconds. For simplicity, the response is

computed with the undrained conditicn,.

(1} Excess Pore Water Pressure

When the level model ground is shaken in the case R-802 with
the maximum acceleration of 30 Gals, the excess pore water
pressures are computed as shown in Fig. 4.41. In this figure,
pressures are normalized with the initial effective vertical
stress at each depth. There is such a tendency that the computed
excess pore water pressures show a sudden increase at the first
half cycle of loading whereas there is none in the measured ones.
The overall trend, however, is such that the computed and the
measured excess pore water pressures are in accord with each
other, |

When the model ground is shaken in the case R-302 with the
maximum acceleration of 50 Gals, the excess pore water pressures
are computed as shown in Fig. 4.42. At the middle depth of the

level ground, the computed and the measured excess pore water
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pressures are in accord with each other. There is such a trend,
however, that upper part of the sand deposit shows larger
pressure than the computed value whereas the lower part shows
smaller pressure. The author suspects this might be due to the
effect of redistribution of excess pore water pressures within
the sand deposit.

When the model ground is shaken in the cases R-303 and R-603
with the maximum acceleration of 81 and 84 Gals, the excess pore
water pressures are computed as shown in Figs. 4.43 and 4.44.
There is such a tendency that the computed excess pore water
pressures rise slightly faster than the measured ones. The
computed value, however, simulates overall trend in the excess
pore water pressure rise.

The present analysis is done under the undrained condition
whereas the actual model sand deposit are shaken under the
partially drained condition. If those effect are taken into
account, closer agreement will be obtained between the computed
and the measured excess pore water pressures. In consequence, the
present model 1is capable of simulating the excess pore water

bpressures in the level ground.

(2) Horizontal Displacement

When the excess pore water pressure is small, in the case
R-602, computed horizontal displacements relative to the base of
the soil container are generally smaller than the measured ones
as shown in Fig. 4.45. The author suspects that this may be due
to the adverse effect of the friction force transmitted from the

load at the top edge of the container.
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The similar trend is recognized in the case R-302 as shown
in Fig. 4.46. There 1s a sudden increase in the computed
displacements at about 10 seconds, at which the computed excess
pore water pressure at the lower level of the sand deposit
reaches about 80 percent of the initial effective vertical
stress. Much more gradual increase is recognized in the measured
displacement. These inconsistencies are attributed to the
difference in the computed and the measured excess pore water
pressures as seenh earlier in Fig. 4.42.

When the eXxcess pore water pressure reaches the initial
vertical effective stress as in cases R-303 and R-603, computed
displacement are in accord with the measured ones as shown in
Figs. 4.47 and 4.48 except for the upper two levels, in which
measured displacement is larger than the computed one. The

adverse effect of the load might be one of the causes for this.

(3) Acceleration

When the excess pore water pressure is small as in case R-
602 and R-302, computed response accelerations are in accord with
the measured ones as shown in Figs. 4.49 and 4.50. A closer look
into the details of the wave forms reveals that the analysis
tends to amplify the high frequency components of small amplitude
at higher levels of the sand deposit whereas the shaking tests
tend to dampen them out. The author suspects again that the
friction force transmitted through the load of 2.5 tf at the top
of the container might be one of the causes for the
inconsistency.

When the excess pore water pressure reaches the initial



190
——— Computed

—— Measured \‘

Horizontal Displacement (cm)

0.4 |

0.0 it
: H5

-0.4 - : ,
o 2 4 6 8 10 12

Time (sec.)

Fig. 4.46 Computed and measured displacements in Case R-302



191

Computed
Measured

1.5, |

Horizontal Displacement (cm)

> 4 6 8 10 |2
Time (sec.)

Fig. 4.47 Computed and measured displacements in Case R-303



152

—————Computed

E
(&)
=
S 1.5
=
o
o 00;
O
(7]
a-1.5
=]
)
S
Q 1.54
| -
o
= 00

L
o

o 2 4 6 8 10 12
Time (sec.)

Fig. 4.48 Computed and measured displacements in Case R-603




183

————Computed
100 - ‘Measured
0 4
-100 Al
100

-100 1 ot
100
o AR A —

Ad

-100-
|OO}

Horizontal Acceleration (Gal)
O

-100 — 1 =
100

o A AAAA—
-100- =
100

[ nput Moticon

-100 , , - - : -
O 2 4 ) 8 O |2
Time (sec.)

Fig. 4.49 Computed and measured accelerations in Case R-602



194

100

=)
[d»]
< 100-
[
2
£ o
@
3 -100 -
[49)
<T
S 100,
| -
()
™~
= 0
S
-100
100
0
-100

Computed
Measured

IARAAAAAAAAAAAAAAAAAR
'HHHHHHHHH!'

;i Il IV ; AS

AMARAAAAAAAAAARAAAAN

VIVUVYV VYTV VUV TV IV oY

O

> 4 6 8 10 2
Time (sec.)

Fig. 4.50 Computed and measured accelerations in Case R-302




195
vertical effective stress as in cases R-303 and R-603, computed
response accelerations are not very much in accerd with the
measured ones as shown in Figs., 4.51 and 4.52, The analysis shows
small amplitudes in the acceleration response after about 2.5
seconds whereas the experiment shows a temporary decrease in the
amplitude when the excess pore water pressure reaches the initial
effective vertical stress but then shows increase in the
amplitude with a spiky wave form. Though such a spiky wave form
is generally believed to be due to the effect of instantaneous
recovery of the effective confining stress, no instantaneous
decrease in the measured excess pore water pressures is seen in
Figs. 4.43 and 4.44.

If a consistency is sought between the computed and the
measured results, such a common trend can be observed that just
after liquefaction the amplitude decreases in the computed and
the measured accelerations. In overall conclusion, however, the
results can not be said consistent with each other as to the wave
form of the acceleration. The author suspects again the friction

force is the main cause for the inconsistency.

4.4.2 Response to Earthquake Input Motion

(1) Excess Pore Water Pressure
Similarly to the response analysis to the sinusoidal input
motions, the response of model sand deposit is computed with the

earthquake input motion shown in Fig. 4.18. The computed excess
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pore water pressures, as shown in Fig. 4.53, begin their rises
from the beginning of the shaking whereas the measured excess
pore water pressures do not begin their rises until about 15

seconds of the shaking. Should the effect of the drainage is

taken into account in the analysis, these inconsistencies could
be remedied to some degree.

The computed maximum excess pore water pressures are smaller
than the measured ones at the middle level of the sand deposit
whereas the computed ones are greater in the upper level of sand
deposit. This trend is totally in contrast to the case R-302
shown in Fig. 4.42. The reason for this might be due to
difference in the vibration modes of the sand deposit in

accordance with the type of input motion.

(2) Displacement

The computed displacements relative to the base of the
container are, as shown in Fig. 4.54, larger than the measured
ones at the upper level of the sand deposit whereas they are
smaller at the lower level of the sand deposit. This tendency is
consistent with that seen in the excess pore water pressures. In
consequence, should the computed excess pore water pressures be
more consistent with the measured ones, ppe computed displacement
should also be more consistent with the measured cnes.

At the upper level of the sand deposit, residual
displacements are recognized in the computed displacements
whereas there is none in the measured ones. The author suspects
the rubber membrane used as an inner cell might be the cause for

this.
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(3) Acceleration
The computed response accelerations, as shown in Fig. 4.55,
are in accord with the measured ones at the lower level of the
sand deposit whereas the difference becomes significant at the
upper level. This tendency is consistent with that seen in the
excess pore water pressures. In consequence, should the computed
excess pore water pressures be more consistent with the measured
ones, the computed accelerations should also be more consistent

with the measured ones.

4.5 Applicability to Level Ground Analysis

In this chapter, one dimensional analysis is conducted on
the behavior of level model ground. Though some inconsistency is
recognized between the computed and the measured excess pore
water pressures, the inconsistency is of minor degree and
considered to be overcome by taking into account the effects of
the partial drainage within the sand deposit and the adverse
effect of the friction force in the container. Inconsistency is
also recognized between the computed and the measured
displacements and accelerations but this is also considered to
be overcome in the similar manner.

Thus, some degree of difficulty is recognized in
representing the behavior of level ground in the present study
but it is considered to be overcome by taking into account the
additional factors relevant +to those shaking table tests
conducted in this study. It is concluded that the present

approach has fundamental applicability in the analysis of level
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ground.

References

(1) Tai, 8. (1988) : "Large scale model tests and analyses of
gravel drains,” Report of the Port and Harbour Research

(2)

(3)

(4)

Institute, Vol.27, No.3, pp.25-160

Ishihara, K. et al (1989) : "Effective stress analysis of
level ground and soil structures,” Research Committee
Report, Proceedings of the Symposium on Seismic Performance
of Level Ground and Scil Structures, Japanese Society of
Soil Mechanics and Foundation Engineering, pp.50-136 (in
Japanese)

Japanese Society for Soil Mechanics and Foundation
Engineering (1979) : Methods for Testing Soils, pp.25-188
(in Japanese)

Tsuchida, H., Noda, 8., Inatomi, T., Uwabe, T., Iai, 8.,
Ohneda, H. and Toyama, S.: "Damage to port structures by
the 1983 Nihonkai-Chubu Earthquake,” Technical Note of the
Port and Harbour Research Institute, No.511, March 1985,

447p. (in Japanese)



204
CHAPTER 5

TWO DIMENSIONAL ANALYSIS OF SHEET PILE QUAY WALLS

In the previous chapter, applicability of the present model
is studied through one dimensional analysis of level ground. The
next step is naturally to move on to two dimensional analysis.

The fundamental mechanism in producing deformation of soils
and foundations, when soils and foundations are subject to cyclic
mobility, is existence of initial stress and its release in
accordance with deformation. The deformation of s0il causes
redistribution of stress. Redistributed stress, in turn, causes
further deformation. How the initial stress is released due to
the redistribution of stress depends on material properties,
geometrical configuration and boundary conditions given to a
specific issue in hand.

The simplest case of two dimensional analysis was seen in
Chapter 3 with a single element of soil, which was initially at
Kncondition and gradually exhibited settlement and bulging under
cyclic loading. A more realistic case study is conducted in this
chapter on the performance of sheet pile quay walls during 1983
Nihonkai-Chubu Earthquake of magnitude 7.7. Effective stress
analysis of quay walls is one of the @ost difficult types of
analysis because soils in front of and behind a sheet pile are
initially in nearly passive and active failure states, which pose
a potential difficulty in the numerical analysis. In the
effective stress analysis with the conventional type of models,
a small fraction of error contained in the stress causes, in the

vicinity of the failure line, a very large error in the strain,
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as mentioned in the earlier chapters, sometimes resulting in
divergence in the iteration solution process.

Thus, the analysis of sheet pile quay walls in the present
chapter offers an opportunity for conducting one of the most
critical examinations into the applicability of the present model

in the two dimensional analysis.

5.1 Earthquake and Damage

5.1.1 1983 Nihonkai-Chubu Earthquake ]

On May 28, 1983, Nihonkai-Chubu Earthquake of magnitude 7.7
hit northern part of Japan. The fault of the earthquake is
located in the Japan Sea (i.e. 'Nihonkai’®' in Japanese), as shown
in Fig. 5.1, dipping with the angle of about 30 degrees toward
the east direction. With the shallow focal depth of 14 km, the
earthquake caused Tsunami, killing about 100 people. The specific
earthquake data are summarized in Table 5.1.

The maximum accelerations recorded at the Akita Port, which
is located about 100 km from the epicenter, are 190, 205 and 41
Gals in north-south, east-west and wvertical directions. The
recording was done with a SMAC-B2 accelerograph installed at the
location shown in the lower right corner of Fig. 5.1(c). The
ground helow the accelercograph, as shown in Fig. 5.2, consists
of loosely deposited coarse and fine sands of about six meters
in thickness, below which lies the base of tertiary origin for
the entire area of the Akita Port. Contour lines of the base in
the Akita Port area are shown in Fig. 5.3, indicating the

accelerograph is located at the shallowest part of the base of
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Table 5.1 Earthgquake data of 1983 Nihonkai-Chubu Earthquake

Date and Time 12:00 May 26, 1983

Location of Hypocenter

Latitude 40.35 N
Longitude 139.08 E
Depth 14 km

Magnitude 7.7
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tertiary origin in the area. The deposit did not ligquefy during
the earthquake and thereby the earthquake motion recovered from
the accelerograph was not affected by the soil liquefaction
occurring in the other part of the area in the Akita Port. The
recorded time histories of the earthquake motion are digitized
and corrected for the instrument response through the procedure
developed by the author and his colleagues (Iai et al, 1978} and

are shown in Fig. 5.4 (Kurata et al, 1983).

5.1.2 Damage at Akita Port

(1) Akita Port

The Akita Port, shown in Fig. 5.1, is situated at the
estuaries of the Omono and Shinjo Rivers. The estuary of the
Shinjo River, originally located as shown in Fig. 5.3 together
with the former coastal line of the Akita Port, was relocated as
shown in Fig. 5.1 when the Ohama No.l1l and No.2 Wharves were
constructed.

The port facilities consist of quay walls constructed along
the Omono River with a backfilling method. The port suffered
damage due to liquefaction of backfill sand during the
earthquake. The liquefaction occurred at the locations shown in
Fig. 5.1(c).

Among the liquefied sites in the Akita Port, as seen in the
same figure, there exist several sites which did not liquefy
during the earthguake. They consist of quaternary deposits of
medium to dense sand.

In this study, two sites, out of the liquefied and the non-
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ligquefied sites, are selected for the analysis; one is the site
at the Ohama No.2 Wharf at which liquefaction occurred, the other
is the one at the Ohama No.1l Wharf at which liquefaction did not
occur. These wharves, as shown in Fig. 5.1{(c), are located side

by side at the estuary of the Shinjo River.

(2) Damaged quay wall

The quay wall at the Ohama No.2 Wharf had such a cross
section as shown in Fig. 5.5 at the time of the earthquake. The
earthquake caused liquefaction of back fill sand, as mentioned
earlier, and resulted in deformation in the sheet pile as shown
in the same figure with broken lines. An eyewitness, who had
narrowly escaped from the truck on the Ohama No.2 Wharf shown in
Fig. 5.6, identifies that the quay wall deformed with the motion
of the earthquake (Tsuchida et al, 1985). The deformed sheet
piles, taken out from the gquay wall after the earthquake, are
shown in Fig. 5.7.

Displacement at the top of the sheet pile, plotted along the
face line of the quay wall, is shown in Fig. 5.8. As shown in the
same figure, the displacement is obviously constrained by the
corner structures at both ends of the OChama No.2 Wharf. In the
present analysis, the deformation at the middle part, indicated
by SECTION A in Fig. 5.8, is considered as the representative two
dimensional deformation of the gquay wall at the QOhama No.2 Wharft
and this part of deformation is analyzed in the present study.
The horizontal displacement at the top of the sheet pile ranges
from about 1.2 to 1.8 meters. The settlement at the middle part

of the apron is about 1.4 meters, being almost the same as the
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Fig. 5.7 Deformed sheet pile taken out from the quay wall
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horizontal displacement of the sheet pile.

The displacement at the top of the sheet pile is evidently
associated with the displacement of the anchor piles as shown in
Fig. 5.8; the anchor was pulled by the sheet pile toward sea,
accordingly inclined due to the reduced resistance in the
liquefied backfilling sand.

The Ohama No.2 Wharf consists of such soil layers as shown
in Fig. 5.9 with the grain size accumulation curves of soils
shown in Figs. 5.10 and 5.11. In particular, the average grain
size Dy, of the soils distributes along the depth as shown in
Fig. 5.12. The upper layer of medium sand, which was used as the
filling material, is originally a part of a deposit from the
Shinjo River and dredged from the sea bottom for backfilling
whereas the lower layer of fine sand is a deposit from the Omono
River.

In-situ impulse testing with a down hole method is conducted
at the Ohama No.3 Wharf which is adjacent to the Ohama No.2, The
results, shown in Fig. 5.13, promise a very good estimate on the

in-situ initial shear modulus of the ground.

(3) Quay wall without damage

The quay wall at the Ohama No.l1l Wharf has the cross section
similar to that at the Ohama No.2 Wharf‘as shown in Fig. 5.14.
In particular, the type of the sheet pile and the water depth of
the quay wall at the Ohama No.l Wharf are exactly the same as
those at the Ohama No.2 Wharf. The ground consists of quaternary
deposits, shown in Fig. §.15, without any back filling. Evidently

the SPT N-values at the upper layer of medium sand at the Qhama
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No.1l Wharf is higher than those at the Chama No.2 Wharf. The
grain size accumulaticon curves and the average grain size
distribution are shown in Figs. 5.16 through 5.18. The soil
profile at Ohama No.l1 Wharf is thus quite similar to that the

Ohama No.2 Wharf except for the SPT N-values of the ground.

(4) Undrained cyclic properties of backfilling sand

The backfilling sands at the Ohama No.2 Wharf are taken from
the Akita Port and undrained cyclic triaxial tests are conducted
on the reconstituted sampleé. The results are shown in Fig. 5.19.

The sand at the upper part of the Ohama No.l1l Wharf has the
same grain size accumulation curves as that of the backfilling
sand at the Ohama No.2 Wharf. Both of the sands are considered
being the same sand originally deposited from the Shinjo River
and hence the test results in Fig. 5.19 also apply to the sands
at uﬁper part of the Chama No.1l.

The fine sand which constitutes the lower layers of both of
the wharves has the same grain size accumulation curves as that
of Gaiko sand shown in Chapter 3. Both of the sands are
considered being the same deposit from the Omono River and hence
the test results shown in Chapter 3 are considered as
representative of the properties of the lower fine sand layers.

When the soil parameters are determined for the analysis,
the in-situ liquefaction resistance should be estimated from the
SPT N-values. The field correlatipns between the SPT N-values and
the shear stress ratic are obtained by several researchers. The
recent studies conducted by Tokimatsu and Yoshimi (1983), Seed

et al. (1985) and the author and his colleagues (Iai et al, 1989)
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agree quite well among themselves as sheown in Fig. 5.20. The in-
situ liquefaction resistance is hence estimated from the SPT N-
value through the correlation shown in this figure when the
estimated relative density is higher than about 60 % rather than

to use the laboratory results of the reconstituted samples.
5.2 Modeling of Soils, Structures and Sea

5.2.1 Modeling of Soils at Akita Port

The backfill sand and the foundation of the quay wall at the
Ohama No.2 Wharf are, in the analysis, idealized into four kinds
of s0il layers as shown in Fig. 5.21. The soil layers are further
idealized into the finite elements as shown in Fig. 5.22. The
gquay wall at the Ohama No.l Wharf is idealized in the similar
manner as shown In Fig. 5.23. In this {figure, the layer
designated as Layer 2’ is the one with higher SPT N-value than
Layer 2 at the Ohama No.2 Wharf. Layer 4 at the QOhama No.l1 Wharf
is the same as Layer 4 at the QOhama No.2 wWharft.

The parameters of the soils in the present cyclic mobility
model are determined from the results of the in-situ impulse
testing with the down-hole method mentioned earlier and the
laboratory data obtained under undrained cyclic loading shown in
the previous section. The details for determining the so0il
parameters will be described below.

The elastic shéar modulus Gy, is determined from the shear
wave velocity obtained through the in-situ impulse testing with
the down hole method conducted at the Ohama No.3 Wharf located

in the vicinity of the Ohama No.2 Wharf. The effective confining
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pressure of o ' for each soil layer is calculated by assuming K,

ma

= 0.5. The shear resistance angle mf' is determined from the
laboratory test data. Finally, the limiting value of hysteretic
damping factor Hm is determined as 30 % by referring to the
results of the previous studies on dynamic properties of sand
shown in Fig. 1.5.

The rebound modulus of so0il skeleton Ka is determined by
assuming that Poisson's ratio is 0.3 as was done in the previous
chapter. Phase transformation angle mp' is assumed to be 30
degrees. The rest of five parameters Py» Py Wy S1 and c, are
determined by the procedure mentioned in the section 3.2 based
on the laboratory data shown in Fig. 5.19 with the estimation
procedure from the SPT N-values mentioned earlier.

The soil parameters determined in this manner are summarized
in Table 5.2, With these parameters, the present model closely
simulates the liquefaction resistances of the soils at the Akita
Port as shown in Figs. 5.24. An example is given in Fig. 5.25 of
the stress path and the stress strain relation of the backfill
sand.

Among the four soil layers idealized for the analysis, there
exists a layer of clayey soil. The modeling of the clayey soil
need a slight modification in the presenp model. The modification
is in fact a simplification. The author postulates in the present
analysis that the clayey so0il did not significantly change the
effective mean stress during the earthquake shaking and, as an
approximation, kept the initial effective mean stress being
constant throughout the shaking. This is obviously a crude

approximation. As a compensation, the effective angle of shear
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Table 5.2 Soil parameters used for gquay wall analysis

LAYER 1 LAYER 2 LAYER 2° LAYER 3 LAYER 4
Gma (kPa) 33800 72200 72200 74970 168200
Ka (kPa) 89930 192100 192100 199470 447530

-oma’  (kPa) 50 110 69 140 157
¢ f (degree) 37 LY 43 39 44
¢p (degree) 30 30 30 - 30
St 0.005 0.005 0.005 -- 0.005
w1 6.5 8.5 14.0 - 3.8
pl 0.4 0.5 0.5 - 0.5
P2 0.42 0.8 1.0 - 0.84

c 1.5 3.3 4.6 - 2.4
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resistance of clay is so adjusted as to give the appropriate
undrained shear strength measured in the laboratory through the

unconfined undrained compression shear testing.

5.2.2 Modeling of Sheet Pile, Anchor and Soil-Structure Interface

The quay walls at the Ohama No.1l and No.2 wharves have the
same type of sheet piles as mentioned earlier. The sheet pile is
of FSP—VIL type, having the constants; per unit breadth of the
beam, the second moment of area of 8.6 x 10_4 m4, cross sectional

2, and density of 7.5 t/ma. In the analysis, the

area of 0.0306 m
sheet pile is simulated with a linear beam element. It is well
known that the displacement field in the commonly used beam
element (e.g. Zienkiewicz, 1977) is incompatible with that of the
8011 element and this causes an undesirable effect on the
computed results. In the present study a beam element is used of
which displacement field is exactly compatible with that of soil
element (Hinton and Owen, 1877).

No friction is assumed to be acting between the s0il and the
sheet pile. This is done in the analysis by imposing such a
condition that the displacements of the nodal points of the scil
element and the beam element be the same with each other in the
horizontal direction but can take independent values in the
vertical direction.

The tie rod is simulated by a linear beam element of which
mass is assumed to be zero and is connected with the sheet pile
and the anchor piles by hinges. No interaction is taken into
account between the soil and the tie rod. This is done in the

analysis by simply specifying the geometry of the beam element
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without any connection with the soil elements.

The anchor pile is idealized also by the linear beam
elements. Two rows of the anchor piles, at the Ohama No.2 Whart,
are idealized by the linear beam elements, of which top ends are
rigidly fixed with each other. No friction is assumed to be
acting between the sc0il and the anchor piles. The numerical
implementation of this is done in the similar way as mentioned

earlier.

5.2.3 Modeling of Sea Water

The sea water is modeled as incompressible fluid and is
formulated as an added mass matrix (Zienkiewicz, 1977). The
equilibrium of the fluid at the solid-fluid interface, as shown
in Fig. 5.28, is such that the inertia of the fluid caused by the
acceleration of the solid should be in balance with the gradient
of pore water pressure. In its explicit form, the equilibrium
equation at the interface is written by

dp 82
3= -—pgt—z(U..) (5.1)

in which U, is the normal component of the displacement. With the
differential equation governing the pressure distribution during
small amplitude motions, the water is idealized into a mass
matrix. For detalils, see the aforementioned reference.

5.3 Initial and Boundary Conditions and Input Motion

5.3.1 Static Analysis with Gravity
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Fig. 5.26 A so0lid-fluid interface (after Zienkiewicz, 1977)
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Before conducting the analysis on the behavior of the quay
walls during the earthquake, static analysis is conducted with
gravity for idealizing the initial stress acting before the
earthquake. The same constitutive model is used as in the dynamic
analysis with the drained condition.

Obviously an ideal static analysis can be dcone by closely
simulating the steps taken for construction of structures; i.e.
by simulating the backfilling process or the excavation process
and, if any, the pre-stress histories on the ground due to the
previous small earthquakes. These steps, if taken, are obviously
so complicated that the static analysis itself can become a major
research subject. In the present analysis, such a complication
is avoided because the main target is the analysis of the cyclic
mobility. The author assumes that a simple one step loading of
gravity will give a reasonable approximation of the initial
stress condition for the dynamic analysis to be conducted
afterwards.

The results of the static analysis due to gravity are shown
in Figs. 5.27 and 5.28. The initial earth pressures in front of
and behind the sheet pile are of active and passive earth
pressures as naturally expected. The corresponding bending moment
reveals zero point at around the sea bed level, being consistent

with the previous experimental studies by Arai and Yokoi (1965).

5.3.2 Boundary Conditions
During the dynamic analysis, the dynamic waves should be
appropriately permitted to transmit from the field of the

analysis, shown in Fig. 5.22, to the ocutside field because the
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boundaries of the field fixed for the analysis do not exist in
reality. In order to take 1into account this fact in an
approximate manner, the side and the bottom boundaries in Fig.
5.22 are simulated by the viscous dampers.

The dynamic analysis should also appropriately take into
account the effect of the earthquake waves transmitted from the
outside field. In the present analysis, the incident wave
transmitted vertically to the bottom boundary is given through
the viscous damper at the bottom boundary. The free field
motions, i.e. the one dimensional responses at outside fields
consisting of level grounds at the far fields in the side
boundaries, are also computed in the similar manner and given
through the viscous dampers at both sides of the boundaries.

The results of the free field response analyses at the land
part of the Ohama No.2 Wharf are shown in Figs. 5.29 and 5.30.
In this analysis, even when the excess pore water pressure almost
reaches the initial vertical effective stress, the acceleration
at the ground surface does not decreases to a very small value,
This might be due to sporadically occurring decreases in excess
pore water pressures, shown the middle row in Fig. 5.30, due to
the cyclic mobility associated with long period motion of about

2 seconds.

5.3.3 Input Motion and Time Integration

With the initial and boundary conditions stated above, the
dynamic analysis is conducted on the behaviors of the steel sheet
pile quay walls at the Akita Port. As an input motion, the

earthquake motion recorded at the Akita Port, shown in Fig. 5.4,
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is at first deconvoluted by equivalent 1linear method for
obtaining the incident wave, and transformed into the normal
directions to the face lines of the quay walls as shown in Fig.
5.31. The input motions thus obtained are shown in Fig. 5.32.
The dynamic analysis of the quay walls is conducted under
the undrained condition (Zienkiewicz et al, 1982). The numerical
integration is done by Wilson-8 method (6 =1.4) at the time step
of 0.01 seconds. Rayleigh damping (a = 0 and B = 0.005) which is
proportionally decreasing with the degree of cyclic mobility is
used for ensuring the stability of the numerical solution

process.
5.4 Analysis of a Damaged Quay Wall

5.4.1 Earthquake Response and Deformation

The numerical simulation of the gquay wall, after 14 seconds
of shaking, results in the deformation shown in Fig. 5.33 at the
Ohama Nec.2 Wharf; deformations towards sea are mainly recognized
at the soil wedges in front of and behind the sheet pile.

Instantaneous directions of the response accelerations,
shown 1in Figs. 5.34, indicate rotational motions, possibly
Rayleigh waves, are generated in the vicinity of the ground
surface due to the interaction between the sheet pile and the
backfilling sand.

The maximum acceleration at the top of the quay wall is
about 190 Gals as shown in Fig. 5.35. In this figure and the
figures to follow, the alphabets indicate the locations shown in

Fig. 5.33. As the shaking continues, the horizontal displacements
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5.31 Acceleration loci of incident wave to Akita Port and

normal directions to face lines of quay walls at Ohama No.1

and No.2 Wharves
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gradually increase towards sea as shown in Fig. 5.36. The
backfill s0il behind the sheet pile gradually settles as shown
in the lower two rows in Fig. 5.37 whereas the sea bed in front
of the sheet pile gradually swells as shown in the same figure.

The horizontal displacement at the sheet pile is computed
as about 1.0 meter at the end of the shaking whereas the observed
displacement ranges, as mentioned earlier, from about 1.1 to 1.8
meters, indicating the computed displacement is close to the
range of the observed values.

The settlement behind the sheet pile is computed as about
0.8 meters at the end of the shaking whereas the observed
settlement, as mentioned earlier, is about 1.4 meters. Should the
effect of yielding of the sheet pile and drainage of pore water
be included in the analysis, the computed settlement would be
greater. In this context, the computed settlement is not

contradictory to the observed settlement.

5.4.2 Earth Pressure and Bending Moment

The earth pressures, i.e. the normal total stresses (= the
normal effective stresses + the excess pore water pressures),
acting on the sheet pile after 15 seconds of shaking, shown in
Fig. 5.38, become greater than those before the shaking. The
earth pressures behind the sheet pile at 15 seconds of shaking
become about the same as that of K0 = 1.0 condition. Though the
effect of the inertia acting exactly at 15 seconds is ambiguous,
the computed value of the earth pressure is, in an approximate
sense, consistent with the results of the previous laboratory

study on the earth pressures acting on the fixed wall due to
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liquefied scil (Tsuchida, 1868).

In accordance with those changes in the normal total
stresses, the bending moment of the sheet pile rapidly becomes
larger as shown in Fig. 5.39. In particular, the bending moment
at the level of 6 meters below the water level gradually
increases as shown in Fig. 5.40.

The maximum stress due to bending is computed as 470000 kPa
as shown in Fig. 5.39 whereas the yield strength of the steel
sheet pile is 300000 kPa, which is far less than the earthquake
induced bending stress computed in the analysis. This indicates
that the observed phenomenon, i.e. the failure of the sheet pile,
is well explained by the analysis because, as mentioned earlier,
the sheet pile is idealized in the analysis with the linear beam
element, which are assumed never to fail.

The analysis also indicates some possibility of yielding at
about 14 meters below the water level. This might be caused by
the strong resistance of the firm ground below the sea bed. There
was one sheet pile which was able to be dragged out from the
ground instead of being cut at the sea bottom level. The sheet
pile shows a crack at a level of 12.2 meters below the water
level. Thus, the analysis is not contradictory to the evidence.

Excess pore water pressures in the soils in front of and
behind the sheet pile are computed as shown in Fig. 5.41. The
excess pore water pressure rapidly increases behind the sheet
pile at the initiation of the shaking. The excess pore water
pressure in front of the sheet pile, however, fluctuates around
the value of zero poessibly because of the high liquefaction

resistance of the soil.
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5.4.3 Comparison between Observed and Computed Results

Though the observed data during the earthquake are far from
satisfactory, the results of the analysis presented so far are
consistent with many of the observed phenomena relevant to the
deformation of the sheet pile quay wall at the Ohama No.2 Wharft.
it is concluded that the approach taken in the present analysis
is capable of representing the essential features of the observed

damage to the sheet pile quay wall during the earthquake.
5.5 Mechanism of Deformation

Though stress and strain in the so0il of the quay wall at the
Ohama No.2 Wharf were not measurable during the earthquake, it
may still be worth to look at the computed results of the stress
paths and stress—-strain relations in order to understand how the
deformation is induced during the earthquake. The results will
tell us whether the mechanism of the deformation represented by
the present model 1s consistent with the natural understanding
of the mechanism of deformation such as stated in the beginning
of the present chapter; i.e. existence of initial stress and its
release in accordance with the cyclic mobility.

In order to look into this aspect of the analysis, four soil
elements are selected in this study; soil elements in front of
and behind the sheet pile (i.e. the elements B and D in Fig.
5.31), soil elements between the sheet pile and the anchor (i.e.
the elements F and G) and a soil element in front of the anchor
(i.e. the element H).

In the present analysis, the x-y coordinates are taken as
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shown in Fig. 5.22 and the stress components are defined as shown
in Fig. 5.42. Definitions for strain components are similarly
given. In particular, compression stress and strain are defined
negative as mentioned in the earlier chapter.

The following five relations regarding stress and strain are
shown for each élement;
(1) the effective stress path; i.e. the relation between the

effective mean stress : —oh' = —(cx”+oy’) and the deviatoric

stress T =V[Twz+{(°x’_0y’)/2]2’

(2) the stress strain relation in compression shear mode shown
in Fig. 5.42(b); i.e. a relation between axial stress
difference (Uy’—cx') and axial strain difference (GY—Gx)iﬁith
such a mode shown in the same figure defined positive,

(3) the stress strain relation in simple shear mode shown in
Fig. 5.42(c); i.e. a relation between shear stress T, and

1y

shear strain YH’

(4) the relation relevant to direction and rotation of

principal stress axis; i.e. the relation between axial

stress difference (Uy“%&') and shear stress TH

(6) the relation relevant to direction and rotation of

principal strain axis; i.e. the relation between axial

strain difference (Ey-Ex) and shea? strain 7“.
5.5.1 Stress and Strain in front of Sheet Pile

In front of the guay wall at the soil element B in Fig. 5.33,

the deviatoric stress T if;wz+[(0£—1w’)/z]2 increases, as shown
in Fig. 5.43(a), Jjust after the start of shaking and the

effective confining pressure (_Oh’) increases due to the
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dilatancy of the sand but the effective confining pressure
rapidly decreases back to the initial value as shown in the same
figure and continues the fluctuation around the initial value.

As indicated by the positive axial stress difference in Fig.
5.43(b), the so0il initially undergoes passive earth pressure. In
accordance with the aforementioned stress path, the axial strain
difference gradually increases as shown in Fig. 5.43(b). This
corresponds to the wedge-like deformation of the soil mass in
front of the sheet pile.

The shear strain YH’ which is negative before the shaking,
also gradually increases in the negative direction in accordance
with the deformation of the sheet pile as shown in (c¢) in the
same figure.

The directions of principal stress and strain are easily
identified in Fig. 5.44. The shaking mainly causes cyclic
fluctuation in the axial stress difference as shown in Fig.
5.44(a). In accordance with this stress path, the principal shear
strain is gradually induced toward the direction of the initial

principal stress as shown in Fig. 5.44(b).

5.5.2 Stress and Strain behind Sheet Pile

Behind the sheet pile quay wall at the soil element D in
Fig. 5.33, the effective confining pressure rapidly decreases as
soon as the shaking starts as shown in Fig. 5.45(a) and converges
on a certain limiting stress path close to the origin.

As indicated in the negative axial stress difference in Fig.
5.45{(b), the soil initially undergoes active earth pressure. The

shaking causes release in the initial axial stress difference and
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further induces axial strain difference in +the manner of
"crawling"; i.e. increasing stress induces increase in strain but
reducing stress induces decrease in strain in a lesser degree and
repetition of this process accumulates the considerable amount
of residual strain.

The shear strain ny is also induced as shown in Fig.
5.45(c) but the order-of-magnitude is very small due to the
confining effect of the sheet pile. Thus the main cause for the
progress of the cyclic meobility in the soil behind the sheet pile
is the shear work generated by the axial stress and strain
differences rather than the one generated by the simple shear
stress and strain in the horizontal direction.

The shaking causes cyclic axial loading in the horizontal
direction as shown in Fig. 5.46(a) but this rapidly diminishes
due to the rapid progress of the cyclic mobility. Direction of
principal strain axes is, again, similar to that of initial

principal stress axes as shown in Fig. 5.46(b).

5.5.3 Stress and Strain in the middle of the Ground
(1) Backfill soil

In the middle part of the ground between the sheet pile and
the anchor at the backfill soil element F in Fig. 5.33, the
initially Kuconsolidated 50il rapidly loses the mean effective
stress as shown in ¥Fig. 5.47(a). Axial strain difference rapidly
grows with release in axial stress difference as shown in Fig.
5.47(b). Shear stress in the simple shear mode fluctuates with
the shaking and indﬁces the large shear strain in the simpile

shear mode.
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The principal strain is again gradually induced in the
initial principal stress direction as shown in Fig. 5.48. Thus,
basic behavior of this soil element is similar to that of the
element D behind the sheet pile except for the large shear strain
amplitude in the simple shear mode.

(2) Firm ground

In the middle part of the ground between the sheet pile and
the anchor at the firm ground element G in Fig. 5.33, the
initially K, consolidated soil does not lose the mean effective
stress as shown in Fig. 5.48(a). In contrast to the case of
horizontally layered ground in which bulging is constrained,
initial deviatoric stress is kept almost constant throughout the
process cof the cyclic mobility, gradually inducing axial strain
difference as shown in Fig. 5.49(b).

Though cyclic shear stress acts in the simple shear mode as
well as axial compression mode as shown in Fig. 5.50(a), the
strain generated by the cyclic shear stress is predominant in the
direction of compression shear as shown in Fig. 5.50(b). This is
similar to the behavior of initially anisotropically consolidated
s0il without constraint on the bulging seen in Chapter 3, in
which settlement is associated with bulging in the horizontal
direction. Direction of principal strain axes is, again, similar

to that of initial principal stress axes.

5.5.4 Stress and Strain in front of Anchor
In front of the anchor at the soil element H in Fig. 5.33,
the effective mean stress again gradually decreases as shown in

Fig. 5.51(a). The deformation mode, as shown in Fig. 5.51(b) and
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(c), is different from that at the soil B in front of the sheet
pile. As shown in Fig. 5.52(a), initial stress is predominant in
horizontal simple shear mode due to the deformation of the
anchor; axial stress difference is close to zero supposedly due
to cancellation of K, consolidation effect with the effect of
passive earth pressure. The shaking causes rotation in the
principal stress axes as shown in the same figure. This is
considered due to the Rayleigh wave generated by the soil-
structure interaction as seen in Fig. 5.34. This affects the
strain, mainly resulting in the rotational behavior with

accumulating simple shear strain as shown in Fig. 5.52(b).

5.5.5 Initial Stress and Residual Deformation

The foregoing effective stress analysis of an anchored sheet
pile quay wall reveals the following four types of initial stress
release resulting in the residual deformation of the quay wall
due to cyclic mobility:

(1) 8Soil in front of sheet pile, which was initially in nearly
passive failure state, shows gradual deformation with
cyclic extension shear.

(2) Soil behind the sheet pile, which was initially in nearly
active failure state, shows rapid stress release in
compression shear mode.

(3) Scoil between sheet pile and anchor, which was initially in
Knconsolidated state, shows cyclic simple shear behavior in
horizontal direction with unconstrained bulging.

(4) Soil in front of the anchor, which was initially sheared in
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the horizontal direction, shows rotation of principal
stress axes due to Rayleigh wave possibly generated by the
.soil-structure interaction.

In addition and the most important, the analysis reveals the
following mechanism:
(5) Principal strains are gradually produced mainly in the

direction of initial principal stress axes.

The mechanism of the deformation of the sheet pile is thus
quite naturally understood through the present approach and this
is considered as one of the support for the applicability of the

present approach.

5.6 Analysis of a Quay Wall without Damage

5.6.1 Earthquake Response and Deformation

The numerical simulation of the quay wall, after 14 seconds
of shaking, results in the deformation shown in Fig. 5.53 at the
Ohama No.l1 Wharf; deformation towards sea are mainly recognized
at the soil wedge behind the sheet pile.

Instantaneous directions of the response accelerations,
shown in Fig. 5.54, show slight indicapion of rotational waves
but it is not very remarkable in these figures.

The maximum acceleration at the top of the quay wall is
about 270 Gals as shown in Fig. 5.55, much higher than in the
case of the Ohama No.2 Wharf, but the horizontal displacement,
as shown in Fig. 5.56, is only about 15 cm. The backfill soil

behind the sheet gradually settles as shown in lower two rows in
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Fig. 5.57 where as the sea bed in front of the sheet pile
gradually swells as shown in the same figure but the order-of-
magnitude is again very small.

The horizontal displacement at the sheet pile is computed
as 0.15 meters at the end of the shaking whereas the observed
displacement 1is reportedly zero, indicating the computed
displacement slightly errs on the safe side. The same applies to
the settlement behind the sheet pile. The author thinks this
amount of error is small enough to be admissible in practice for
differentiating very large deformation (i.e. damage) from very

small deformation (i.e. non damage).

5.6.2 Earth Pressure and Bending Moment

The earth pressures, i.e. the normal total stresses (= the
normal effective stresses + the excess pore water pressures),
acting on the sheet pile after 15 seconds of shaking, shown in
Fig. 5.58, become greater than those before the shaking. The
earth pressures behind the sheet pile at 15 seconds of shaking
become close to that of K, = 1.0 condition from the ground
surface to the elevation of -5 meters below the water level.

In accordance with those changes in the normal total
stress, the bending moment of the sheet pile changes as shown in
Fig. 5.59. In particular, the bending moment at the level of 6
meters below the water level gradually increases as shown in Fig.
5.60.

The maximum stress due to bending is computed as 260000 KPa
as shown in Fig. 5.59 whereas the failure strength of the steel

sheet pile is 300000 KkPa, indicating that the observed
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phenomenon, i.e. no damage to the sheet pile, is well explained
by the analysis.

Excess pore water pressures in the soils in front of and
behind the sheet pile are computed as shown in Fig. 5.61. The
excess pore water pressures gradually increase behind the sheet
pile as the shaking continues, but never so remarkably as in the
case of the Ohama No.2 Wharf. The excess pore water pressures in

front of the sheet pile, however, fluctuates around the value of

Zero.

5.6.3 Comparison between Observed and Computed Results

The results of the analysis of the quay wall at the Chama
No.1l Wharf indicate that the results of the analysis are not
contradictory to many of the observed phenomena relevant to the
deformation of the sheet pile quay wall. It is concluded that the
approach taken in the present analysis is capable of representing
the essential features of the cobserved performance of the sheet

pile quay wall during the earthquake.

5.7 Applicability to Quay Wall Analysis

In this chapter, two dimensional‘analysis is conducted on
the behavior of sheet pile quay wallis. The results of the
analysis are consistent with the observed deformation and the
observed yielding of the sheet pile. In particular, the present
model demonstrates the ability to differentiate the seriously
large deformation (i.e. damage) from the negligibly small

deformation (i.e. non damage) in the similar type of sheet pile
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quay walls.,

In the present analysis, major deformations are recognized
in the soil wedges in front of and behind the sheet pile. In both
of the s0il wedges, the strains are gradually induced due to the
existence of the initial stresses and its release in accordance
with the cyclic mobility. In particular, principal strains are
gradually induced mainly in the initial principal axes direction.

With the reasonable mechanisms available for explaining the
deformation of sheet pile quay walls, the author concludes that
the present approach is capable of representing the essential
features in the performance of sheet pile quay walls during
earthquakes.

As an example of the application of the present approach,
effect of the liquefaction resistance of backfill sand is studied
in relation to the maximum bending moment of the sheet pile
induced by the earthquake shaking. The quay wall at Chama No.2
Wharf is taken as an example. The liquefaction resistances of the
backfill sand are varied as shown in Fig. 5.62. The maximum
bending moment, which exceeded the yield point when the backfill
sand was very loose as in the earthquake, becomes smaller if the
liquefaction resistance of the backfill sand is increased as
shown in Fig. 5.63. This type of analysis could be useful in
design when the backfill sand shcould be improved as a measure

against liquefaction.
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CHAPTER 6

CONCLUSTONS

An attempt is made in the present study for modeling the

cyclic mobility of saturated cohesionless soil. The conclusions

obtained from the present study are as follows;

(1)

(2)

(3)

(4)

The proposed concept for modeling of cyclic mobility is of
a generalized plasticity type defined in the strain space,.
Concept of multiple mechanism is used as a vehicle for
decomposing the complex mechanism into a set of simple
mechanisms defined in one dimensional space. Each virtual
simple shear mechanism is assumed to follow a hyperbolic
relation in the virtual stress and strain space. The
hysteresis is given by modified Masing’s rule.

Difficulty is known to exist in the numerical analysis of
the cyclic mobility when the effective stress path becomes
very close to the failure line. In order to overcome the
difficulty, a simple scheme is proposed; modeling of cyclic
mobility, not as a yielding process, but as a process in
which the scale of the shear strain is gradually enlarged
as the effective stress path approaches the failure line.

To define the "distance” to the failure line, the concept
of "liquefaction front" 1is introduced in the effective
stress space as an envelope of current stress points. The
liquefaction front, originating from the envelope of
initial effective stress pcoints, gradually apprcaches the
failure line as the cyclic mobility proceeds,

Incremental as well as integrated constitutive relations



286

(5)

(6)

(7)

are obtained. In particular, the tangent stiffness matrix
in the incremental relation becomes symmetric, ensuring the
efficiency in the numerical analysis, whereas the
integrated constitutive relation serves as a guide,
ensuring the convergence on the physically feasible stress
strain relation.

The single s0il element analysis indicates that the present
model is capable of representing the rapid as well as
gradual increases Iin the shear strain amplitude greater
than several percent in the manner consistent with the
laboratory data of undrained cyclic torsion shear tests.
According to the present approvach, the effect of the
anisotropic consolidation, when the bulging of so0il is
constrained as in the 1level ground, does not have a
significant influence on the virtual simple shear
mechanisms oriented close to horizontal direction whereas
these virtual mechanisms are the main mechanisms being
mobilized during the cyclic loading in the simple shear
test. Thus the behavior of so0il under the cyclic simple
shear loading is not affected by the initial anisotropic
consolidation conditions if the initial mean effective
stress is kept the same. This is consistent with the
previous laboratory findings.

When the bulging of the so0il is not constrained, the
results of the single element analysis show the limit in
decreasing value of the effective mean stress and the
gradual settlement with bulging in the so0il element,

suggesting reasonable applicability in the two dimensional




(8)

(9)

(10)

(11)

287
analysis of soil structures and foundations.
The effect of initial confining pressure is also consistent
with the laboratory results; if the same shear stress ratio
is used for the cyclic loading, the initial confining
pressure does not affect the effective stress path whereas
it does affect the shear strain amplitude to be
proportional to the square root of the initial confining
pressure.
One dimensional analysis of level ground indicates that the
present approach 1is basically capable of representing
essential features of the c¢yelic mobility in the level
ground during sinusoidal as well as earthquake excitations.
Two dimensional analysis of sheet pile quay walls indicates
that the present approach 1is capable of representing
esgsential features of deformation due to the cyeclic
mobility and is capable of differentiating seriously large
deformation (i.e. damage) from negligibly small deformation
(i.e. non damage}.
Though the two dimensional analysis shows, in each soil
element, complex stress paths invelving rotation of
principal stress axes, the fundamental mechanism inducing
residual deformation is the existeqce of initial stress and
its release 1in accordance with the cyclic mobility. In
particular, principal strains are gradually induced mainly

in the principal axes directions of initial stresses.
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APPENDIX A

EXTENSION TO THREE DIMENSIONS

The present model, essentially represented by Egs.(2.32)
through (2.35), idealizes the two dimensional shear mechanism
around the z axis. The present model 1is extended into three
dimensions by superposing the two dimensional virtual shear
mechanisms around axes of arbitrary orientations. The extension
is reduced to a series of manipulations with coordinate

transformation as follows.
A.l1 Coordinate Transformation

To begin with, the effective stress and the strain vectors
are written in the three dimensional space by
¥

‘o T, T

y 92 Ty Ty Tgd (A.1)

{g’} = {Ux’ o

{e} = {e, € € Yy Yy . (A.2)

in which Yn’ etc. are shear strains in engineering definition
such as shown in Eq.(2.12).

Strain transformations are essentially transformations of
displacement derivatives (e.g. Cook, 1581). For example, from
Fig. A.1, displacement'ﬁ'in the transformed direction.{;}T = {a1
blcl} can be written in terms of displacements in the original
directions as

~
u = au + blv + W (A.3)
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Fig. A.1 Cartesian coordinate systems xyz and X¥Z with table of

direction cosines between axes
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By chain rule differentiation, in which "," denotes partial
differentiation with respect to the variable after the ",", one
obtains
7~ ~ ~ ~
uv"x' = usxx:"x' + ulyy.l; + u?zzl‘i’ (A.4)
in which
P
u,, au,, + blv’x tcw,, etc. (A.5)
X, = 8 Yoy = 1::‘1 z, ¥ = ¢ (A.6)
By this process one finds
~ ~ ~ T _ -~ T
[us'i u:y ur"z' ... wiz} = [T]{urx u|y u’z - W’Z} (A.7)
in which
P~ f d iy
ach bch cch
. ~ ~ ~
[T] = aZTc bZTc czTc (A.8)
4 e ~>
8T, byT, c,T,
B -
a, b ¢
fa
[Tc] = a2 b2 c, (A.9)
23 Py €y

et -1 T
The matrix [T] is orthogonal; i.e. [T] "~ = [T]'. Therefore the
NS
inverse relation of Eq. (A.7) involves simply [T]?
From Eq. (A.7) and the strain-displacement relations such

as Eg.(2.12), the relation is written between strains in Gﬁﬁf
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coordinates and the strains expressed in xyz coordinates as
s ~7 it 1.7V,
{e} = [TJ{€}, (e} = [TI"{€) (A.10)
in which
~
2 2 2
- ay b, cy a,b, b ¢, c,a; ]
2 2 2
a, bz c, agb2 bzc2 C,a,
~ 2 2 2
- a b
[TE] = 3 3 c?, a3b3 b303 036.3 (A.11)
2a,a, 2bb, 2c;c, (a;b,+azb,) (b,c,+bse) (ca,+c,a,)
f 2ayay 2b,by 2c,C;  (a,b,+azb,) (b,cy+bycy) (cja,+cqa,)
2c.C
| 2833; 2b3by 2¢4¢;  (abi+aby) (b +bicy) (cga +ciay) |
L™
By partitioning [TE] into 3-by-3 submatrices as
~ ~
~ Tq Ty
(td = { . (A.12)
TS TT
- - ~ s
let us define a new matrix [Tu] from it as
T. 2T
~r
[T,] = 4 R (A.13)
(1/2)Ts Ty
It is to be noted that
~~ _1 a4 T e _1. L T
[T 1™ = [T, [T = [T] (A.14)

The stress transformation is derived by considering the
equilibrium of a differential element. As shown in various

elasticity text books,
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~ Latd e -1 fad
{o’} = [Td{o’}, {o’} = [T,] {0’} (A.15)
A.2 Virtual Two Dimensional Shear Mechanisms

Let us define the direction of the axes, around which the
virtual shear mechanisms of two dimensional nature are idealized,
with the angles ¥ and { of a spherical coordinates shown in Fig.

o
A.2. The components of the new set of axes'}?% are given hy

f§3T = {coswcos{ sinv¥cos{ -sin{} = {a1 b1 cl} (A.18)
(1T = (-sinv¥ cos¥ 0 } = {a, byc,} (A.17)
{EﬁT = {cos¥sin{ sin¥sin{ cosl} = {a3 b, c3} (A.18)

In the present approach, the complex shear behavior of soil in
the three dimensional space will be decomposed into J = 1,...,]
sets of virtual shear mechanisms of the two dimensional nature
presented in Chapter 2. The sphere in Fig. A.2 is divided into
J sets of sub-planes of which unit normal vector is defined by
KT

From Eqs. (A.10) and (A.15), two dimensional virtual stress
and virtual strain vectors around the axis {;U}} will be given

as

(o T = {Uf,(j) Uiv"’(j) Tﬁ(j)} (A.19)
(et - {E‘iz'(j) E’im 'fi‘y'(j)} (A.20)

It is obviously noted that the transformed stress and strain

vectors given by Egs.(A.10) and (A.15) are shrunk into 3
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Fig. A.2 Spherical polar coordinate system
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component vectors in the above equations.

In the manner similar to the formulation in Eq.(2.32), the
virtual shear stress of Jj-th wvirtual shear mechanism of two
dimensional nature is given by

I
(do’ Uy = 2‘1 RL/U(iJ){n(i)}{n(i)}T{d’g(j)} (A.21)
L3

in which {nﬁj} is given by Eq.{2.35).
A.3 Incremental Constitutive Equation in Three Dimensions

The rest is to expand the stress vector of 3 components
given by the above equation back to the stress vector of 8
components by appropriately filling the corresponding stress
components, to transform back to the original coordinate by
Eq.{A.15), and to do the summation with respect to j =1,...,dJ.

Thus, with the obvious modification in the direction vectors
for volumetric mechanism i = 0, the three dimensional relation

between the stress and strain is given by

{dU’} = K{m(ﬂ)}{mm}T({de} _ {dEp})
I)j Ty AhNa r . o~
+ Z RL/U(IJ)[TE(J)]T[TE] [n(l) }{n(l)}T[TE]T[TE[J)]{dE }
°9=’ : (A.22)

in which

mh"T = (111000} (A.23)

(0™ = { cose, -cose, sine, } (for i = 1,...,I) (A.24)
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and [TE] is a matrix for the expansion of the stress vector,

being defined as
;1= ]0o 1 o o o o (A.25)

If one defines the direction vectors by writing
. N I .
™y < r 1) (A.26)
then Eq.(A.22) can be simply rewritten as

Ly N
tao’} = k(mV3 @) ({ae} - fae,H)+> R W mD3(mH3Tae)
ON (A.27)

The factor RUJ“) is given as a function of the virtual
simple shear strain {m“ﬂ}T{dE} and of its history.
The constitutive equation in Eq.(A.27) can be rewritten, by

noting that {mﬁﬂ}T{dep} = 0, as

{do’} = [DI({de} - {dep}) (A.28)
in which
Ly .. .
[D] = K{mﬁﬂ)}{m(ﬂ)}T+ Z RL/U(lJ){m(lJ)}{m(lJ)}T (A.29)

Ld=1
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The incremental stress strain relation extended for three
dimensions is very similar to that defined in two dimensions. In
particular, the stiffness matrix is symmetric, giving an
advantage in efficient sclution.

The additional volumetric strain of plastic nature {Ep} is
given by summing up the contributions e;“ generated by the j-th

two dimensional mechanism, such that
{ep}T= {(1/3)e, (1/3)€, (1/3)¢, 0 0 0} (A.30)
in which €_ is given by

p

J
€, =‘21ep(3):m (A.31)

S

and AQ = sin{AyA{ denotes solid angle for the J sets of sub-
planes.

Integration of the incremental relation in Eg. (A.28) can
also be done in the same manner as shown in Chapter 2.

In the three dimensional model, distinction should be made
between the mean effective stresses in two dimensions and three
dimensions. The mean effective stress in two dimensions is

defined by

Gm’[.]) = (O‘f’(J)+aY,[J))/2 (A.32)
and this is used in defining the shear mechanism such as in Egs.
(2.65), {2,153), etc. The virtual simple shear mechanisms defined

in this way promise to take into account the effect of
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intermediate principal stress. The mean effective stress in three
dimensions is defined in the usual manner by

o' = (ox’+0"+oz’)/3 (A.33)

¥
and this is used in defining the volumetric mechanism such as in

Egs. (2.27), (2.58), etc.
A.4 Objectivity

Objectivity is one of the fundamental requirements for
physically feasible constitutive models as discussed by Yatomi
and Nishihara (1984). In the vector-matrix notation of the stress
strain relation, objectivity of constitutive equations is
expressed as follows. To begin with, let [R%] be the
transformation matrix associated with the rotation of the
reference coordinate to give the stress vector {0'*} in the

transformed coordinate, such that
¥
{o’'} = [R1{o"} (A.34)
The components of [R] is given similarly to Eq.(A.13). Let [R]

be the corresponding transformation matrix for the strain vector,

such that
{€"} = [RI{€} (A.35)

The components of [Re] is given similarly to Eq.{A.11), It is to
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be noted, from Eq.(A.14), that
(R = [RI, [R1" = [R] (A.36)

Let [D*] be the stiffness matrix expressed in the transformed

coordinate as
{ad’} = [D'1({a€"} - {ae,'}) (A.37)
in which

[0°] = Km ™} m®)T 5 Ry o (mf*) (10T
L)1 (A.38)

The objectivity of the constitutive equation requires that
Eq.{(A.37) should represent the same behavior of soil as

Eq.(A.28). This demands, from Eqs.(A.34) and (A.35), that
* -
[D'] = [RI[DI[R]" (A.39)
Substituting Eq.(A.36) into this, one obtains
* T
[D'] = [RI[DI[R]  (A.40)
This is the requirement for the objectivity of the constitutive
egquation expressed in the vector-matrix notation.

The requirement for the objectivity in Eq.(A.40) is easily

seen to be satisfied by the present model. To begin with, the
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vectors {mw)} and {m“ﬂ} in Eq.(A.28) are the direction vectors
for specifying the stress increment for each mechanism so that
they are transformed in the same manner as the stress vector;

i.e.

@ = r1(n") (A.41)

m*y = [r 1{m{1)} (A.42)

i

It should be noted, from the definition of the components of [Ra]

similar to those shown in Eq.{A.13), that
{mwﬁ} = {mW)} (A.43)

From Egs.(A.41) and (A.42), the right hand side of Eq.(A.40)
becomes
1,7
3 * ii REL] 171%
[R,IIDIIR,1T = K{m "} m ™) + F &y, Dl (4 a0)
t'.)‘-—"l
The rest is to examine that scalars K and RUJH) are not
affected by the transformation. The scalar Tfunction K is a
function of effective mean stress {mth{c’}. One obtains, from

Egs.(A.34), (A.41) and (A.43), that
w0y = YR 1007} = (™02 (A.45)
Equivalently, the scalar function K is actually a function of

elastic volumetric strain {HJM}T({E}—{EP}) as seen in Eq.(2.45).

One obtains, from Egs. {(A.35), (A.36) and (A.41), that
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(™'t = (IR ITIRI(Le}-{g,)
= (0™ (Le3-{e,h) (.46)

Either by Eq.(A.45) or (A.46), one obtains
Similarly the scalar functions RUJn) are functions of {mun}T{e}
and of its history. One obtains, from Egs.(A.35), (A.36) and
(A.42), that
My = @B R IR = Yy (ala8)
This ieads to
(i) _ (ij)
RUU = RUU (A.49)
Substitution of Eqs.(A.47) and (A.49) into Eq.(A.44) yields
1)
[Ro][])] [RU]T = K*{m(o)*}{m(o)*}T + E RL/U(lJ)*{m(lJ)*]{m(lJ)*}T |
“)e (A.50)
From the definition of [D*] in Eq.(A.38), one obtains

[RI[DI[RI = [D'] (A.51)

This proves the objectivity of the present model as stated in
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Eq.(A.40). Obviously the same proof applies to the two
dimensional model in the present study.

In the present model inherent anisotropy is readily
introduced through the definition of RUUUﬂ as a function of the
direction dependent variable {mﬁﬂ}ﬁe} as seen in Eq.(2.786).
Inherent isotropy is achieved simply by dropping off the
superscript (ij) from the soil parameters as seen in Eq.(2.77).
Stress induced anisotropy is indicated by retaining the

superscript (ij) for Q and RUU as seen in Egs.(2.77) and (2.78).
A.5 Relation among One, Two and Three Dimensional Models

If number of the virtuwal shear mechanisms J of two
dimensional nature is reduced to one, the three dimensional model
is reduced to the two dimensional model studied in the present
study. Similarly, if number of the virtual shear mechanisms I as
well as J 1s reduced to one, the three dimensional model 1is
reduced to the one dimensional model often used for level ground
analysis. The author believes that number of the virtual
mechanisms can thus be reduced in accordance with the type of the
boundary value problems for ensuring efficiency in computation.

Obviously decreasing number of the virtuél mechanisms
results in deterioration in accuracy and narrower limit in
applicability. For example, if both numbers I and J are reduced
to one, isotropy of the model cannct be satisfied and rotation
of the principal stress axes cannot be properly taken into
account. This, however, does not necessarily mean that the model

is inadequate or useless. As seen in the previous studies on the
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one dimension analysis of level ground (e.g. Finn et al, 1977),
appropriately chosen coordinates and accordingly modified
parameters have given quite satisfactory results in practice.
Thus, it is quite probable that practically satisfactory results
can be efficiently obtained with decreasing number of the virtual
mechanisms with appropriately chosen coordinates and accordingly
adjusted model parameters. An instance of this is the application
of the two dimensional model (i.e. J = 1) to the boundary value
problems under plane strain condition as seen in the present

study.

Notation for the Appendix A

[D] : tangential stiffness matrix
J : number of virtual two dimensional shear mechanisms
K : elastic tangent bulk modulus of soil skeleton

{mw)} : direction vector for the volumetric mechanism

{mu”} : direction vector for the ij-th virtual simple shear
mechanism
{n“ﬁ : direction vector for the i-th virtual simple shear

mechanism in the two dimensional mechanism
[RQ : B xXx 6 transformation matrix for strain; to be used for
examining objectivity

[R&] : B X 6 transformation matrix for stress; to be used for

examining objectivity

R U“ﬂ : tangential stiffness modulus for mechanism ij at loading

L/

and unloading

L™
[T] : 9 x 9 transformation matrix for displacement gradient




ao3s

[TEJ : 3 x 3 transformation matrix for displacement

[Tﬁl : 6 x 3 matrix for extracting three components of stress
from six components

[TJ : 8 x 8 transformation matrix for strain

[ﬁfﬁl] : 6 X 6 transformation matrix for strain represented in
the coordinates for j-th virtual mechanism

[T] : 6 x 6 transformation matrix for stress

u. v and w : displacements in x, y and z coordinates

Tf, vV and W : displacements in ’?c', ﬁ{r and Z coordinates

a4

{x}T = {al, bl’ cl}, etc : direction vector of x axis, ete.,

represented in the original coordinates
f;U)} : direction of z axis normal to the j-th sub-plane
X, ¥ and z : original coordinates
X, Y and 7 : transformed cocordinates
} : strain vector

T _
{e}r = {Ex Ey €, ny sz Yox

(;} : strain vector represented in the transformed coordinate

ep : volumetric strain of plastic nature

EJU) : volumetric strain of plastic nature generated by j-th
mechanism

{ep} : volumetric strain vector of plastic nature

fEU)ﬂlz {Egj)egj)vﬁU)}: strain vector of j-th virtual mechanism
of two dimensional nature

{ and ¥ : angles for specifying sphericdl polar coordinate system

{0’}T = {Gx"%, oz' tw Tw Tn} : effective stress vector

{81} : stress vector represented in the transformed coordinate

to be used for defining the virtual two dimensional

mechanism

LY 2PN N N .
{0’(3)} = {cr-f’m 037’(']) tﬁ(‘])} : effective stress vector of j-th
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virtual mechanism of two dimensional nature

0{ : mean effective stress in the three dimensions
U{(” : mean effective stress for j-th two dimensional mechanism
superscript "*" : scalars, vectors and matrices in the

transformed space for examining objectivity

",.", etc. : partial differentiation with respect to

subscript sy

x, etc.
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APPENDIX B

COMPARISON WITH THE STRESS DILATANCY RELATION

Stress dilatancy relations are extensively studied in the
discipline of s0il mechanics. The relations specify the dilatancy
(i.e. the ratic of plastic volumetric strain increment over
plastic shear strain increment) as a function of relevant stress
ratios. Pradhan and Tatsucka (1988) offer a good review on them.
In the simple shear test as in the present study, there are three
representative equations.

(1) Sliding Block Theory

The sliding block theory (e.g. Tokue, 1878) assumes the

simple shear deformation of two dimensional blocks in contact.

The stress dilatancy relation in simple shear is given by

de tand,-t,,/ 0,

o
(B.1)
dy%,  1+tandjer, /o)

in which 7&£;plastic shear strain in the horizontal direction.
(2) Rowe’s Stress Dilatancy Relation

Rowe (1969) assumes that the energy increment ratio of input
over output 1is constant. Rowe’s stress dilatancy relation in
simple shear is given by

/ /
de, _ 0,/05-K

(B.2)
vy, ol /oh+x

(3) Energy Dissipation Theory
Taylor (1948) derived a stress dilatancy relation based on

energy dissipation theory. The stress dilatancy relation based
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on the energy dissipation theory is given for simple shear by

de

coal T
= =-sindpr— (B.3)
dYth 05”

All of these equations represent a straight line or a similar
line in the plane with coordinates of the dilatancy and the
stress ratio in Fig. B.1,.

In the present study, the plastic volumetric strain is
generated as a function of plastic shear work and the shear

stress ratio as shown in Chapter 2. The author attempts, in the

present appendix, to examine if the present approach gives

consistent stress dilatancy relation with the above mentioned
relations.

First of all, approximating the undrained condition with €y
+ Gy = 0, one obtains a reiation between plastic volumetric
strain increment and the effective mean stress from the
volumetric mechanism in Eq. (2.43) as

dom' = K(—dep) (B.4)

From this and such definition of the state parameter S as § =

1 H 3
o, /Um , one obtains

dep = (—Um’/K)dS (B.5)

Since the plastic shear strain increment dywp generates the

plastic shear work increment dwsduring simple shear process as

1
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Fig. B.1 Stress dilatancy relation by the previous studies
(After Pradhan and Tatsuoka, 1989)
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- P
dws = Txyd'fxy (B.6)
one cbtains
P _
dvxy = (l/Tw)dWs (B.7)
From this, one obtains
ey . L (B.8)
vy

Substitution of Eq.(B.5) into this yields

de,, (~Omo) _dS
= — B - 9
o T = ( )

As shown 1in Eq.(2.59), when the effective stress 1is in
contractive zone (i.e. when the shear stress ratio is low so that
r < r3), 85 is the same as the liquefaction parameter S0 defined
as a function of normalized plastic shear work w = ws/wnas shown
in Eq. {(2.68). Definition of normalizing factor Wn is given in

Eq.(2.64). From Eq.(2.68), one obtains

Ao g6 P (Wym

d W Wn W]. wl

g

(B.10)

Similarly, when the effective stress is in dilative zone or in

transition zone from contractive zone, one obtains

ds _dS;, d
dw, dwW, dw,

[J(SO_SZ)2+({I-I3)/H11)2] (B'll)
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From Eqs. (2.60) through (2.62), one can find that the term Sz,

(s, - S,) and (r - r3) are all expressed by S, and r. After some

0
manipulation, one can rewrite Eq.(B.11) into

d5=(1_ﬂhﬂm) ds,

dWS ml dWS
1 - -
* [(_IU_B)2£‘EQ+II3( dr dSO)](B_lz)

VS8 ((z-5,) /m)? ™ = dW, 2 aw, ™ aw,

in which dsw/dws is given by Eq.(B.10).
To summarize, one obtains the stress dilatancy relation for

the present model as

e S (810
for contractive zone ( i.e. if r < r3) and
de, _ (-Og) (1T dS;
ay?, ¥ K m  dw,
+ Ty {Omo) [(Ta My, 95% 170 dr 59y (B.14)

-m b
K\/(Sﬁ~32)2+((r—r3)/m1)3 my dWs mf dWs ? dWs

for dilative or transition zone (i.e. if r > r3) in which dSO/dwS
is given by Eq.(B.10). The author, however, found it difficult
to obtain analytical form of dr/dwS in Eq.(B.14).

As an example, the stress dilatancy relation for the present
model is computed for the initial loading path out of the stress

path shown in Fig. 3.5(b). The parameters of the model used for
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the computation is given on the right hand side in Table 3.1. The
result, shown in Fig. B.2 in which horizontal axis is equivalent
to‘K(dep/dan), is basically consistent with the previous studies
in such a sense that the stress dilatancy relation can be
approximated by a straight line.

Though the certain consistency is thus observed between the
stress dilatancy relation by the present study and those by the
previous studies, there are differences between them. The stress
dilatancy relations by the previous studies are, as mentioned
earlier, quite basic and can be one of the principles in the
mechanics of granular materials. Though the relations hold true
both in drained and undrained conditions, it is more closely
related to the so0il test in drained condition.

The present approach, on the contrary, is based directly on
the undrained stress path. It assures the physically feasible
performance in the undrained analysis because all the modeling
and the parameter determination are done in reference to the
undrained cyclic loading test. In contrast to the stress
dilatancy relation which focuses on the strain increment, the
present model puts an emphasis on cumulative effect. This assures
stable performance of the model in the overall sense.

The author concludes from these observations that, if one
intends to acquire a deeper understanding of the mechanics of
granular materials, a further study might be necessary on the
aspect of the stress dilatancy relation. If one needs a useful
tool in the practice of s0il dynamics and earthguake engineering,
the present model can be quite dependable, stable and efficient

in the numerical analysis.
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(b) Stress dilatancy relation

Fig. B.2 Stress dilatancy relation by the present model
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