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Abstract

Due mainly to the process of deposition under earth gravity, the
behavior of in situ sand is inherently anisotropic, meaning the
stress-strain-strength relations for the same sand may vary as the
siress tensor rotates relative to the orientation of the soil fabric.

In this paper, the kinematic double hardening model
ALTERNAT is applied to simulate the cyclic behaviour of sand. The.
model can describe several phenomena of sand behaviour such as
the stress dilatancy, hardening, densification and cyclic mobility.
The effect of initial stress anisotropy through the values of the
coefficient of lateral stress at rest {Ko) is studied.

It is concluded that the maximum shear strain increases with the
increase of the coefficient of lateral stress at rest. On the other hand,
the maximum spherical (volumetric) strain decreases with the
increase of the coefficient of lateral stress af rest until a value of
about (Ko=0.72) is reached, above this value, the maximum
spherical strain increases. This behaviour reflects the sitress
dilatancy that takes place in dense sand where the values of Ko are
high. The stress dilatancy increases as the value of Ko increases at
the start of loading. As the number of incremenis increases, the
effect of Ko decreases. This can be attributed to the densification
that might take place under cyclic loading till the sand reaches a
stable condition.
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1. Introduction: and led to a unique relationship
Subjected to shear, loose sand between the stress ratio and
contracts and densc sand dilatancy. It has been shown (Li
dilates. Whether sand is in a and Dafalias, 2000) that, in
loose or dense state depends not order to model sand behavior
only on the density of the sand over a full range of density
but also on the confining states, additional dependence of
pressure applied. Furthermore, dilatancy on the material
for a sand that initially is in internal state is needed, and the
either a loose or a dense state, material state must be described
there is an ultimate state of in reference to the
shear failure at which the critical/steady state line in the
volumetric strain rate is zero. g-p-q space.

This ultimate state is the well- In addition, due mainly to
known steady or critical state. the process of deposition under
Li and Dafalias (2000) pointed earth gravity, the behavior of in
out that the classical stress situ  sand is  inherently
dilatancy theory (Rowe, 1962) anisotropic, meaning the stress-
in its exact form ignored the strain-strength relations for the
extra energy loss due to the same sand may vary as the
static and kinematical stress tensor rotates relative to
constraints at particle contacts the orientation of the soil
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fabric. Experimental investiga-
tions in the past 15 years on
flow liquefaction of earth
structures have revealed that
the influence of inherent fabric
anisotropy on the residual
strength of a granular soil is so
drastic that the inherent
anisotropy can no longer be
ignored in sand modeling.
However, due primarily to
insufficient understanding of
the physical mechanisms and to
the  complexity of the
underlying mathematical
theories, the issue is in general
not rigorously treated in current
modeling practice. In fact, for
simplicity, quite a number of
existing sand models either
totally ignore the influence of
inherent fabric anisotropy or
simply introduce biased
parameters to different
orientations without satistying
basic objectivity requirements.
These models are somewhat
far-fetched when the influence
of fabric  anisotropy s
significant and the loading
conditions are complex, (L1
2002).

2. Importance of Anisotro-
py in Sand:

Undrained cyclic triaxial fest

has been widely performed for

evaluating liquefaction

phenomena in sandy deposit. In

cyclic triaxial test, the 45°
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inclined plane in the specimen
represents the shear plane
(typically the horizontal plane)
in the ground, and the cyclic
shear stress (i.e. the half of the
deviator stress) on the 45°
inclined plane simulates the

cyclic loading during
earthquake. This assumption is
reasonable if the soil s
isotropic in mechanical
behavior. However, many
researchers recently reported

strong anisotropic nature of
sandy materials in undrained
shear (Nakata et al., 1998 and
Yoshimine et al., 1998). Figure

(1) shows the result of
undrained triaxial compression
and  extension tests in

monotonic loading (test data
from Yoshimine et al., 1998).
The stress path indicates that
the triaxial extension loading

exhibited much more
compressive  behavior  and
resulted in  much smaller

strength compared with the test
result from triaxial compression
loading.  Such  prominent
anisotropic nature may also
affect the undrained behavior of
the material during cyclic
triaxial loading test, especially
when initial shear stress is
applied to the triaxial specimen
before undrained cyclic
loading.

In the monotonic loading tests,
it was found that the undrained
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behavior was seriously affected
by the anisotropic nature of the
sand deposit. Triaxial extension
exhibited much softer behavior
compared with triaxial
compression. The effect of
initial shear on the undrained
monotonic loading was minor
than that of the shear direction,
though slight increase of shear
resistance was observed when
initial shear stress level was
higher, (Yoshimine, 2002).

3. Modeling
Anisotropy:

Vaid and Chern (1983) were
among the first to show,
through undrained triaxial tests,
that the critical state strength of
sand measured in extension was
much lower than that in triaxial
compression under otherwise
identical conditions, and that
the significant difference was
directly associated with the soil
dilatancy. Investigations at the
microscopic level have shown
that even after a very large
macroscopic shear deformation,
the preferred orientation of the
particles in a granular material
has only undergone a limited
change. In other words, the
inherent fabric anisotropy of
the sand may well endure after
the onset of the critical state.
Nakata et al. (1998) performed
a series of hollow cylinder
undrained torsional tests that

of Inherent
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allowed to control the
directions of principal stresses
in reference to the direction of
soil deposition, as measured by
the angle o shown in Figure
(2), and the ratios between the
principal stresses as measured
by b = (63 - o3)/{c) - 93). The
test results confirmed that the
sand responses, and in
particular the sand dilatancy
and the stress paths towards
critical state failure, were
indeed significantly affected by
the directions of the principal
stresses  relative  to  the
orientation of soil specimen.
This means that the inherent
fabric anisotropy of a granular
soil could have a significant
impact on the dilatancy and the
critical state failure of the soil.

In this paper, the
ALTERNAT model will be
applied to model the effect of
initial stress anisotropy on the
cyclic behaviour of sand.

4, The ALTERNAT Model:
The ALTERNAT  model
described in this paper forms
the major component of a
double hardening model for the
mechanical behaviour of sand
under alternating loading.

The model was developed
by Molenkamp (1987) at Delft
Geotechnics. In Figure (3), the
yield surfaces of both plastic
models, namely the
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“compressive” model and the
“deviatoric” model are shown
in the stress space of the
isotropic stress, s, and the
deviatoric stress, t.

The kinematic rule relates
the change of the anisotropy to
the change of the stress. It is
based on the assumption that

the boundary between the
elastic ~ and  elasto-plastic
subspaces does mnot change

during continued loading after a
stress reversal. The volume
change as described by the
model is based on the dilatancy
theory (Rowe, 1962 and 1971)
in which the effect of load
history does not occur.

For monotonic and
alternating loading, the
hardening modulus is assumed
to depend on two load history
effects. One effect concerns the
stress-induced anisotropy. It is
described by the distribution of
the kinematic hardening
modulus in stress space, which
depends on the distribution of
the kinematic yield surfaces in
stress space. The other effect
involves the effect of the
densification due to alternating
loading. It is described by the
so-called load history function,
K. Through this function, the
hardening modulus becomes
also dependent on the initial
density and the instantaneous
density, (Molenkamp, 1987).
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4.1 Definition of Kinematic
Plastic Model and Kinematic
Rule:
Using the elastic and plastic
strains and the stress 2. together
with their rates, the constitutive
models in the current state can
be defined on the cartesian co-
rotational base vectors, ¥i.

The elastic model will be of
the form, (Molenkamp, 1987):

e _ 4
& = function(®z; )

(D)
The irreversible Eulerian strain
rates or increments, K, are

ij»
described by a plastic kinematic
hardening model of the form,
(1987):

7 2 F ”
_ % Z:,- 8 Ly "
i - H
e (2)
in which: F(T;,)=0 ¢ yield
surface.
G (Tij . ’){J) =0: plastic-
potential.
H (Tij 1 }:;ki - Wi X,)
hardening.
T, = 2;-6y" pseudo
stress .- {3)

w : plastic deformation.
& tensor of anisotropy
representing the effect of the
anisotropic fabric.
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% @ quantity describing the
size of the kinematic vield
surface; the so- called
hardening parameter.

¥ : idem for plastic potential.
Figure (4) illustrates the above
conditions.

In the description of this
motion, the following stresses
are relevant:-

2. : stress at last
reversal,

2. @ stress at the beginning of
a new stress increment,

2w : Stress at the end of a
new stress increment,

Besides, the following tensors
of anisotropy are relevant.

& : tensor of anisotropy of the
yield surface which was just
activated before the last stress
reversal,

£, :tensor of anisotropy of
the yield surface which was
just activated by the stress at
the beginning of the new stress
increment, and

Erew - tensor of anisotropy of
the new yield surface at the

stress

end of the new stress
increment.
Finally, the following

hardening parameters play a
role:

% : hardening parameter of the
yield surface just before the
stress reversal, and

Ans Ynew: hardening parameters
of the yield surface at the start
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and end of the
respectively.

The problem is how to find ey
and Ynew while 2. e is known.
The first condition of the
motion of the new kinematic
yield surface describes that
both the new yield surface
(with £ ..) and the yield
surface at stress reversal (with
&) have to be tangent to each
other at the stress point of stress
reversal, ., (Lade, 1979), thus:

aF 2F
az“i (2{52‘)= a (Efmsz.w)
. (@)

for some constant C. The
derivation of the above
equation is reported by Fattah
(1999).

increment,

C

4.2 The Yield Surface For
The Deviatoric Model:

For the continuum model of a
uniform stack of rigid discs, a
kind of kinematic yield surfaces
was found, in which the
relevant measure of stress
appeared to be a shear stress
level (Molenkamp, 1980). For
the present kinematic model, a
similar measure of relevant
stress is introduced, namely the
shear stress level which is
defined by:
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¥
5 Iy "f;i &y 5
A ®
3 3

in which: t; = deviatoric stress.
I, = o3 8 j = first stress
invariant.
This relevant measure of stress
is dimensionless.
For the tensor of anisotropy,
also a dimensioniess deviatoric
tensor, &, is introduced, thus &j
& ; = 0. The relevant measure
of the pseudo shear stress level
becomes:

X; t; £ "
n, -1
3 3

in which: X deviatoric

pseudo stress tensor.

Substituting Equation (6) in
(5) leads to the pseudo stress
tensor, Ty, being defined as
follows:

Il I]

T, = X;+6; 3 o5&y 3
- s (D)

The yield surface for the

deviatoric model is of the form:

F = Fl,ll,7) =0
e (8)
in which [}, I; and 1; are three
invariants of the pseudo stress
i B
Tfle expression chosen for the
yield surface F¢ should reduce
to a generally accepted
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expression for  monotonic
loading when &; = 0. The
expression as introduced by
Lade and Duncan (1975) is
used:

I’
F' = -L-27-f()= 0

jr3
. 9)

in which:
ro= I
I3

measure of the shear stress
level, constant at a kinematic
yield surface.

27

4.3 The Plastic Potential for
the Deviatoric Model:

In a plastic material model, the
plastic potential describes the
ratio of the Eulerian strain
rates.  For simplicity, it is
assumed that the ratios of the
plastic Eulerian strain rates can
be described in the following
way':

{ -.I vdd | d
5 . 4 - 0G
6.3 = !aﬁfu 2 GL L — ’15—“'"
1 doy 0o,
<o (10
in which:
g G™
o= 0 ...(11
P &y (11)
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deviatoric tensor and
2G" 7G%

=1 (12
do, daoy

o is the angle of noncoaxiality
which is the angle between the
principal directions of stress
and the Eulerian strain rates.
Like the yield surface, the
deviatoric component of the
plastic potential G* is based on
the failure surface of Lade and

Duncan (1975), smaller deviatoric part, namely:
. . & I i I, 1,
L, = O'ﬁ_;%:ff = "3“%*371 (%*?55‘3—&})
T, = hi S, +RT" L o
i *:'i' if + (Tg “‘? y) (14)
thus:
x 1
o, = (I-RT)((S&—(:#)?‘JFRT% (15)
where RT is a material triaxial compression, it was
constant, found that:
Thus to each pseudo stress, Tj = 2
of the yield surface, another V —V2(1-K)—-(2+k) .
pseudo stress, Ts,-j is concerned =
using the same tensor of ¥ (1+2K)+ \5(1 - K)
anisotropy &; I,/3, and the same &
isotropic component but a L «ee (16)
smaller deviatoric component n which:
as shown in Figure (5). g = tan2(45 + %—,_)

4.4 Stress Dilatancy:
Molenkamp (1980) elaborated
the stress dilatancy theory for

triaxial  compression  and
triaxial extension tests. For
loading towards failure in
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namely:

I P
LI =0
7 o

3

F

e (13)
in which: 1, I's are the first
and third invariants of the
pseudo stress T‘fj. The pseudo
sttess T  has the same
isotropic component as the
pseudo stress Ty = oy - L /3 as
used for the yield surface but a

V = volumetric strain, and
¥ = deviatoric strain

and ¢, is the
friction angle.
that, (Molenkamp,

interparticle
It is assumed
1980):
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-5
¢a = ¢n~ _(¢w_¢p) ex[(fh,sw)
(17)
in which:
¢, = interparticle friction

angie at very low isotropic
stress s,

¢, = interparticle friction
angle at very high isotropic
stress,

S.v = parameter describing the
rate by wich ¢, changes from ¢,,
to ¢, with increasing isotropic
stress level (s/Pa), (see Figure
6), and

Pa = atmospheric pressure.

For loading towards failure
in triaxial extension, it was
found that:

p 20-E)-1+2K)"
_ $

y  @+E)-2a-K6t
s
(18)
In order to distinguish between
loading and unloading, the
following quantity is defined:

éG" ¥

7

J Oy '\./tkftk.'
. (19a)
The quantity of Eguation
(19a) can vary between +1 and
-1. Loading is defined by:

JG* t,
0 < i S I |
50—1} \/tka'!k!

... (19b)
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and unloading occurs if the
quantity is between 0 and -1.

During failure, the
deviatoric  stress does not
change anymore, while the
shear strain keeps increasing.
At the critical state, the volume
change stops. This is illustrated
in Figure (7).

4.5 Stress Induced Anisotropy
Described by the Kinematic
Hardening:

For simplicity, the functional
form of the  kinematic
hardening Hy, is chosen as
follows:

Hy, = Hg(I1,7) (20)
in which:

It = invariants of the pseudo
stress Tj.

The kinematic hardening
Hiin can be calculated from
experimental data as follows:

SF oF"
—— T ———
o, - doy, , M - 174 cr“‘ H
K>y ¥ ki
. (21)

The curve of the shear stress
level (t/s), in drained triaxial
compression at an isotropic
pressure (s/Pa ) =1 is related to
the deviatoric strain (see Figure
8) by, (Molenkamp, 1985):

- 1
§ n t ()
‘ X' +r)r
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e {(22)
in which:

n = quantity larger that 1.
Y, Y, = two approximatiods t
of the shear stress level versus
plastic deviatoric strain curve
of drained triaxial compression
ats = Pa.

Details of the functions Y1 and
Y2 are given by Molenkamp
(1987) and Fattah (1999).

4.6 Effect of Densification
Described by the load
History Function:
The load history function
describes the effects of
densification due to cyclic
preloading.  With increasing
number of cycles and related
densification, the load history
function, K, will also increase.
It is assumed that this
component of the hardening
can be related to the
instantaneous density at the last
stress reversal. The expression
for K should become infinite at
maximum densification,
because in such a case, neither
plastic densification nor plastic
shear strains will occur and
the hardening H" of the present
plastic model will be infinite.

4.7 Kinematic Rule for The
Deviatoric Model:

The kinematic rule, as applied
in ALTERNAT model, is based
on the assumption that the

48]

kinematic yield surfaces remain
tangent to each other at the
stress reversal points.

In order to illustrate the
structure of the kinematics of
the model, the motion of the
yield surfaces during alternating
loading is described for several
phases of loading, unloading
and reloading. Initially, it is
assumed that the principal
directions of stress coincide
with the co-rotational base
vectors and that the material is

isotropic initially, If in the
initial state, the material is
isotropic, then the yield

surfaces in the pi-plane will be
centered on the isotropic axis
(see Figure %a).
During initial loading from
some isotropic state as shown
in Figure (9b) to some shear
stress level (point 2), all the
yield surfaces with lower
hardening parameter, f (x),
than point 2 are displaced and
they are passing through point 2
while being tangent to the
isotropic vield surface through
point 2.

During unloading from point
2 towards for instance point 3
as shown in Figure (9c), the
total behaviour is initially
elastic, because at low
hardening parameters £ (y), the
present deviatoric model is
completely rigid.  All yield
surfaces with a lower hardening
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parameter {8 (3) than the
yield surface passing through
both points 2 and 3 are
displaced during this change
and they are passing through
point 3 while being tangent to
the yield surfaces passing
through both points 2 and 3.
During reloading from point 3
to point 4 and further, (see
Figure 9d), similar stages arc
passed through like the case of
unloading from point 2 to point
3, thus the initial total elastic
behaviour is followed by an
increasing rate of plastic
deformation further on.

If during further loading, the
lowest isotropic yield surface
(through point 2) is passed as
for instance during loading
from point 4 up to point 5 as
shown in Figures (9d and e),
then all the yield surfaces with
lower hardening parameter f!
(y) than the isotropic yield
surface through point 5 are
displaced and are passing
through point 5 while being
tangent to this isotropic yield
surface. It should be noted that
the same situation would have
been obtained if point 5 had
been reached directly by
loading from the isotropic state.

A parameter called “anisot”
is introduced describing
whether the inner region of the
relevant yield surface with
hardening parameter yx and
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tensor of anisotropy &x consists
of:

a) anisotropic yield surfaces,
then anisot = 1.
b) isotropic  yield surfaces,
then anisot = 0. In this
exceptional case, all smaller
kinematic yield surfaces have
Ex as tensor of anisotropy, the
current stress may be inside the

yield surface £,
Molenkamp (1987)
described  different possible

loading conditions, some of

which are:

1. Loading starting at a stress

situated on the outermost

isotropic yield surface.

Loading starting at a stress

inside the outermost yield

surface and leading to a

new stress situated on the

outermost  isotropic yield
surface.

3. Loading starting at a stress
inside the outermost yield
surface and leading to a
new stress situated inside
the outermost vield surface.

4.8 Decision on The Type of

Behaviour:

The stress increment doy due to

a strain increment de; is given

by the elasticity matrix, Dy »

(Molenkamp, 1987):

!\J

do$, = Dgde; (23)

The quantity that determines
whether this increment leads
out of the current yield surface,
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F = 0 is defined by,
{Molenkamp, 1987):
éF
dF°® = ~———-dcr§, (24)
Jo,

dF® > 0 indicates an increment
leading outside the current
yield surface.

In  case of elasto-plastic
behaviour, the strain increment
is given by:

éF i
ot | C?G 30"“ o-:d
de, = Dydod +——
oy H
...... (25)
The quantity
JF
dF? = do (26)
8o B
ki

describes the direction of the
stress increment with respect to
the current yield surface. The
elastic  and elasto-plastic
behaviour can be defined by:

dF? > 0 H> g hardening

dF? < 0 H< ¢
for elasto-plastic behaviour.
dF° < ¢
behaviour.

softening

for elastic

5. Definition of the Initial
State:

In the definition of the initial
state, the effect of the load
history has to be accounted for.
In the common case of a
horizontal layer with onty
monotonic and uniform loading
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after sedimentation, the initial
state can be described by three
characteristic yield surfaces as
shown in Figure (10) in which
T, T; and T; are the principal
stresses. The larger yield
surface can be defined by the
hardening parameter %1, thus 4
= 4 (%1)- Then the equivalent
shear stress level (t/s). in
triaxial compression and the
equivalent stress ¥, can be
calculated.

The second characteristic
yield surface %, is determined
by assuming that in the initial
state, the effective horizontal
Stress, oy, is related  to the
effective vertical stress, o, by
K, (the coefficient of latera]
stress at rest). In Figure (10),
this point is indicated by the
stress point Y ;.

The  computer program
(INISTAT) has been written in
FORTRAN - 77 Language
depending on the subprograms
given by Molenkamp (1987)
and other subprograms. The
program has the capability of
defining the initial state and
giving the points required to
plot the characteristic yield
surfaces. The parameters of the
double hardening elasto-plastic
kinematic hardening model
ALTERNAT have been
collected by Molenkamp (1987)
and are also rearranged by
Fattah (1999). In Figure (11),
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the position of the relevant
yield surfaces are shown in the
pi-plane at an isotropic stress s
=1 for different values of K,.
The effect of different initial
states of  anisotropy are
considered. These initial states
of anisotropy are described by
the magnitude of K.

6. Zero-Dilatancy Rule:

Dilatancy is independent of the
increment of stress or its
direction for a fixed stress
point, and can be approximated
by a linear function of stress

ratio, (Zienkiewicz et al.,
1987):
dg = (1+ag)(M'g~r;)
¥
«(27)
where: m = t/s and q, is
constant,

This simple rule predicts
zero dilatancy whenever the
line:

n =M, . (28)
is reached.
Generalization to three-

dimensional stress conditions
can be done if a law of a Mohr-
Coulomb type is assumed
(Zienkiewicz and Pande, 1977)
for the zero dilatancy line,
giving (Zienkiewicz et al,
1987)
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M:

£

6sing. /(3 sin ¢, sin 38)

(29)
where 0 is Lode’s angle defined
by Molenkamp (1987) as:

s - T

30 = 3Je—m , ZTeg
S \/_ t‘! 6 7
. (30)

where: ¢, = a constant

residual angle of friction,
J; = the third invariant of the
deviatoric pseudo stress tensor,

The  computer program

(STRESCON) was written in
order to verify the capability of
the ALTERNAT model in
simulating cyclic loading. The
description of this program and
its subroutines was given by
Molenkamp (1987) and Fattah
(1999). The stress path that was
considered is given in Figure
(12). The plot of the shear
stress level t/s versus isotropic
stress s of this stress path is
depicted in Figure (13).
The zero dilatancy rule had
often been referred to as the
“critical state line”,
“characteristic state line” or
“line of phase transformation”,
a term coined by [shihara et al.
(1975). The zero dilatancy
lines are illustrated in Flgure
(13).

The addition of the above
definition of the zero-dilatancy
line is a modification on the
ALTERNAT mode! made ‘by
the author.
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The numerical results for the
strains are shown in Figures
(14), (15) and (16). Several
cases were considered in which
the values of K, were varied
and some of the results are
presented here. A comparison
between Figures (15c¢) and
(16c) shows that the stress
dilatancy increases as the value
of K, increases at the start of
loading. As the number of
increments increases, the effect
of K, decreases. This can be
attributed to the densification
that might take place under
cyclic loading ftill the sand
reaches a stable condition.

It is noticed from Figures
(14a), (15a) and (16a) that the
shear strain Increases for a
given value of t/s as the value
of K, increases.

The initial condition of
Figure (10b) depicts K-stress
situation for K, = 0.7. From
this state, the deviatoric stress
is decreased till it has a zero
value,

In Figures (17), (18) and
(19), the effect of the initial
stress anisotropy through the
coefficient of lateral stress at
rest on both the invariant Y, the
maximum shear strain and the
spherical (volumetric) strain is
presented.

It can be concluded that the
maximum shear strain increases
with the increase of the
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coefficient of lateral stress at
rest. On the other hand, the
maximum  spherical  strain
decreases with the increase of
the coefficient of lateral stress
at rest until a value of about
(K.=0.72), above this value, the
spherical strain increases. This
behaviour reflects the stress
dilatancy that takes place in
dense sand where the values of
K, are high.

Conclusions:
In this paper, the kinematic
double  hardening  model
ALTERNAT is applied to
simulate the cyclic behaviour of
sand. The effect of initial stress
anisotropy through the values
of the coefficient of lateral
stress at rest is studied. The
followin conclusions can be
obtained:

1. Different values of the
coefficient of lateral stress at
rest K, revealed different
positions of the relevant
yield surfaces shown in pi-
plane at an isotropic stress s
= 1. This reflects the effect
of different initial states of
stress anisotropy which is
described by the magnitude
of K, in this paper.

2. The stress dilatancy increases
as the value of K, increases
at the start of loading. As
the number of increments
increases, the effect of K,
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decreases.  This can be
attributed to the
densification that might take
place under cyclic loading
till the sand reaches a stable
condition.

The maximum shear strain
increases with the increase
of the coefficient of lateral
stress at rest. On the other
hand, the maximuin
spherical (volumetric) strain
decreases with the increase
of the coefficient of lateral
stress at rest until a value of
about (K=0.72) is reached,
above this wvalue, the
maximum spherical strain
increases. This behaviour
reflects the stress dilatancy
that takes place in dense
sand where the values of K,
are high.
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Fig. (1) - Stress path from undrained triaxial compression and
extension tests (data from Yoshimine et a)., 1998).

Fig (2) - Rotation of principal stress axes in torsional shzar tests
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Fig (3) - The yield surfaces of the ALTERNAT model.
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Fig (4) - Definition of the kinematic hardening and the motion
of the kinematic yield surfaces.
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Fig (6) - Definition of the parameters for stress dilatancy.
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Fig (9) - The motion of the yield surfaces during alternating

loading, (after Molenkamp,
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Fig (10} - Definition of the initial state in the pi-plane.
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