Table (1) Direction cosines and weight coefficients of integration points.

Direction cosines of integration points Weights
<1 mi | ni Wi
eYE) /173 /173 27/840
/173 /173 /173 27/840
Y173 Y173 f173 27/840
/173 /173 173 277840
172 /172 0.0 32/840
/172 1/2 0.0 32/840
172 v.0 y172 32/840
172 0.0 y1/72 327840
0.0 -f172 Y172 32/840
0.0 w17z 1/2 327840

1.0 0.0 0.0 40/840

0.0 1.0 0.0 40/840

0.0 0.0 1.0 407840
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Figure (7) projection of SBS on q versus p'

Figure (6) q (stress deviator), p'
(mean effective stress) versus §
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ter pressure may even make liquefaction of
sand.

Presentation of (SBS) Surface

To obtain SBS surface a combination of
p and b changes can be defined and the ob-
tained results can be presented in a three
dimensional curve as shown in Figure 6.
This Figure is a variation of q (stress devia-
tor) versus p’ (mean effective stress) versus
B (angle of rotation of principal stress
axes). Generally, b can obtained as fol-
lows:

b= (0z-03)/ (ol - 03) 21

Accordingly, B, b, o, are kept constant,
while o, and o, are increased. Therefore, Toy
is obtained from equation 18. However, the
value of b and o, are found as follows:

b=02-(0x-02)/2+05 (ox - o)V 1 + tan* (2B)

(ox-0z)V1 + tan* (2B)
(22)

_02-0z2(05+(b-0.5) cos (28) (23)
(0.5 - (b-0.5) cos (2B))

oz

After running the program several times
and keeping b = 0, the provided SBS is
shQ\évn in Figure 6. For more clarifica-
tion, The projection of this three dimen-
sional curve on q versus p’ is shown in
Figure 7.

Conclusion

From this study the capability of model
to predict the effect of rotation of principal
stress axes through plastic behavior of gran-
ular material upon undrained condition has
been examined. Furthermore, the con-
cept of behavior of granular material

on the basis of sliding mechanisms
and elastic behavior of particles has
worked out.

The rotation of principal axes are includ-
ed in such a way that there is a clear proof
for it, instead of having only some hypothe-
ses without enough reasons. Also, it has
been demonstrated clearly that how much
effect may be provided due to rotation of
stress and strain axes. It has been shown
that upon undrained condition, the volume
change of soil skeleton and compressibility
of water together can build up some pore
water pressure. This increment of pore wa-
ter pressure may be led to liquifaction in
loose sands. ‘

The undrained state boundary surface
SBS has been numerically defined using q,
p’, and B. This SBS, which is the portrayal

of the initial anisotropy of the material be-

havior, means that the volume chahge
can be a state quantity for granular ma-
terials.

l\f

plastic potential

&
9\’*““6

= Elastic domain

A 4

Figure (1) Yield, plastic potential,
elastic zone, critical state line,
and failure line in t-o, space.
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D®=[C"}]" (16)
C®=C®+CP (17)

where C°, C’, and C” are compliance
elasticity , plasticity, and elasto-plasticity
matrices.

According to incremental algorithm, C*
computed in previous step can be used for
current step, therefore , the solution will not
remain indeterminate.

Accumulation of Pore Pressure

The excessive pore water pressure is ob-
tained through assuming water as elastic
medium without shear resistance. Under cy-
clic loading, hysteresis loop of dissipated
energy takes place. Consequently, while
plastic strain takes place, some volumetric
strain shall be obtained in soil as well as
water. The difference of these two strain
values multiplied by bulk modulus of soil
and water mixture can present pore water
pressure increment.

Identification of Parameters

In a general case, for the most anisotrop-
ic, non-homogeneous material, 13 sets of
material parameters corresponding to plas-
tic sliding of each sampling planes are re-
quired. However, any knowledge about the
similarity of the sliding behavior of differ-
ent sampling planes reduces the number of
required parameters.

The number of parameters required to be
used in proposed model to obtain the be-
havior of an isotropic homogenous sand is
five. Two of these parameters corre-
spond to elastic behavior of soil skele-
ton and the rest to plastic flow on each
sampling plane. These paramters are

Amirkabir/Vol. 12 / No. 45

listed as follows:

1) Elastic modulus, E, 2) Poisson ratio,
v, 3) Slope of critical state line, n., 4) Con-
stant value in hardening function, Ao, 5)
Peak angle of internal friction, ¢;.

E and v are found in the usual way as for
any other model. The other three parame-
ters correspond to the plastic behavior of
one plane. In this research, these three pa-
rameters have been assumed to be the same
for all 13 defined planes because of initial
isotropic conditions.

Rotation of Principal Stress and
Strain Axes

In order to demonstrate this capability,
some numerical tests were planned in
which the values of principal stresses are
constant.

The only change which takes place in
these numerical tests is the direction of
principal stress axes. Figure 3-a , and 3-b
show the obtained model result and experi-
ment in calibrating the model. Figure 4
shows the variation of volumetric strain
versus zero to 50° and 360 to 310° of g in
undrained test. Clearly, the variation of e,
upon change of same value of g, although
the trends are different, are not same.
Therefore, the trend for change of g or on
the other words, the stress path can affect
on the volume change of soil. Figure 5-a
shows the variation of shearing strain
invariant, y,., versus zero to 90° of B in
undrained test. Figure 5-b shows the
variation of pore water pressure during
stated rotation path.

Consequently, it has been shown from
the numerical results that the strains due to
rotation of principal stress direction can be

-significantly large and the built up pore wa-



ceptual numerical integration of multilami-
nate framework presents the following sum-
mation for computing C’.

C"=4H.j wi.LTCPL (8)

Where Wi are weight coefficients and C”
is the global plastic compliance matrix cor-
responds to a single point in the medium
and L is transformation matrix for corre-
sponding plane.

Definition of Planes in Three Di-
mensional Media

The choice of 13 independent planes for
the solution of any three dimensional prob-
lem is a fair number. The orientation of the
sampling planes as given by their direction
cosines and the weight coefficients for nu-
merical integration rule are given in table 1.

One of the important features of multi-
laminate framework is that it enables identi-
fication of the active planes as a matter of
routine. The application of any stress path
is accompanied with the activities of some
of the 13 defined planes in three dimension-
al media. The value of plastic strain on all
the active planes are not necessarily the
same. These priorities and certain active
planes can change due to any change of di-
rection of stress path, a number of active
planes may stop activity and some inactive
ones become active and some planes may
take over others with respect to the value of
plastic shear strain. Thus the framework is
able to predict the mechanism of failure.

Figure 2 shows the orientation of all 13
planes in similar cubes. In order to clarify
their positions, they have been presented in
four cubes.

The Model Response Under Un-
drained Conditions

The principle of effective stress for a sat-
urated soil element in incremental form is
stated as follows:

do=do+m.dU )

where d used for representing small in-
crements and m= (1,1, 1,0, 0, 0).

It can also be assumed that in a fully un-
drained case, the skeleton volume change is
precisely equal to change in the volume of
pore water. Therefore, dU is calculated as:

dU=K¢.{m}" .de (10)

where K; is obtained [9] as follows:

1.1, 1-v
Kf Kw Ks (11)

where K,, is bulk modulus of water and
v 18 initial porosity.

dU=K;.{m}".de.{m} (12)

Retaining the elastolastic consititutive
law, it is presented as follows:

do=D% de (13)

"do=D de (14)

where D and D™ are effective and total
stress-strain matrices. Substituting equa-
tions 26, 27, and 28 in 23 simply the result
is written as:

D®=D®+K;.{m}".{m} (15)

where,
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control such as yielding should be checked
at each of the planes and those of the planes
which are sliding will contribute to plastic
deformatioriL Therefore, the granular mate-
tial mass has an infinite number of yield
functions usually one for each of the planes
in the physical space.

The Constitutive Equations of
Multilaminate Model

The classical decomposition of strain in-
crements under the concept of elasto-
plasticity in elastic and plastic parts are
schematically written as follows:

de= de® + deP H

The increment of elastic strain (de®) is re-
lated to the increments of effective stress
(do) by:
dec=C*.do (2)

where , C° is elastic compliance matrix,
usually assumed as linear.

For the soil mass, the overall stress-
strain increments relation, to obtain plastic
strain increments (de”), is expressed as:

de?=C"?.do 3)

where, C’ is plastic compliance matrix.

Clearly, it is expected that all the effects
of plastic behavior be included in C°. To
find out C”, the constitutive equations for a
typical slip plane must be considered in cal-
culations. Consequently, the appropriate
summation of all provided compliance ma-
trices corresponding to considered slip
planes yields overall C*.

The equation of yield function is formu-
lated as follows:
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Fi(ti,on M) =TizNiom (4)

where, ti and oni are stress components
on ith plane and ni=tan (ai) is a hardening
parameter and assumed as a hyperbolic
function of plastic shear strain on the ith
plane. ai is the slope of yield line.

Feda [8], derived the plastic potential
function which is used in this research. This
function is stated in terms of i and oi for
the T versus o, space as follows:

w(ti,oni)::'ciinc-cni,ln(O'ni/Onio) (5)

where, 1. is the slope of critical state line
and o, is the initial value of effective nor-
mal stress on ith plane. Typical presenta-
tions of this function are shown in Figure
1.

In theory of plastic flow, consistency
condition is a necessary condition which re-
quires that a yield criterion be satisfied as
far as the material is in a plastic state. Upon
the use of general flow rule, consistency
condition and a simple shear hardening,
plastic compliance matrix of ith plane is ob-
tained as follows:

CP = {1/Hp:} . {ayi/ 90} {dFaci} (6)

where Hpi is defined as hardening mod-
ulus of ith plane and is obtained as follows:

Hpi = - {9F: / 0¢ P} {0 /ot i} )

where i ™ is plastic shear strain on ith
plane.

C", as a whole , represent the plastic re-
sistance corresponds to ith plane and must
be summed up as the contribution of this
plane with the others. Accordingly, the con-



cal axis. The medium loose Ham river sand
exhibited partial liquefaction due purely to
the rotation of principal stress directions.
The dominance of the initial anisotropy
during principal stress rotations has been
incorporated in the concept of the state
boundary surface (SBS).

For a granular mass such as sand that
supports the overall applied loads through
contact friction, the overall mechanical re-
sponse ideally may be described on the ba-
sis of micro-mechanical behavior of grains
interconnections. Naturally, this requires
the description of overall stress, characteri-
zation of fabric, representation of kinemat-
ics, development of local rate constitutive
relations and evaluation of the overall diffe-
rential constitutive relations in terms of the
local quantities.

In recent years, another class of models
called’” multilaminate model’ was devel-
oped by Zienkiewics and Pande (1977) [3]
for jointed rock masses and by Pande and
Sharma [4] for clays. Bazant and Oh [5]
have developed a similar model for fracture
analysis of concrete under the name micro-
plane model’.

An elastoplastic model named reflecting
surface model developed by Pande and Pie-
truszczak [6] and used to predict cyclic
loading behavior of normally consolidated
and lightly over-consolidated clays. Sadr-
nejad [7] also developed a model for the
prediction of elastic-plastic behavior and
liquefaction of sand.

This paper presents a multilaminate
model capable of predecting the behavior of
granular material under monotonic, cyclic
loading and other respectively complex
stress paths.

The concept of proposed model is natu-

ral, physically meaningful and extremely
simple. According to this formulation
which is based on a simple numerical inte-
gration, an appropriate connection between
averaged micro and macro-mechanical - be-
havior of material has been presented. The
inclusion of the rotation of principal stress
and strain axes, indiced anisotropy and the
possibility of supervising and even control-
ling any variation through the medium are
the significant of the model.

Basic Assumptions and Discus-
sions

Multilaminate framework by defining
the small continuum structural units as an
assemblage of particles and voids which fill

infinite spaces between the sampling

planes, has appropriately justified the. con-
tribution of interconnection forces in over-
all macro-mechanics. Plastic deformations
are assumed to occur due to sliding, separa-
tion/closing of the boundaries and elastic
deformations are the overall responses of
structural unit bodies. Therefore, the overall
deformation of any small part of the medi-
um is*composed of total elastic response
and an appopriate summation of sliding,
Seperation/closing phenomenon under the
current effective normal and shear strsses
on sampling planes.

“According to these assumptions overall
sliding, separation/closing of intergranular
points of grains included in one structural
unit are summed up and contribured as the
reslult of sliding, separation/closing sur-
rounding boundary planes. This simply im-
plies yielding, failure or even ill-
conditioning and bifurcation response to be
possible over any of the randomly oriented
sampling planes. Consequently, plasticity
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Abstract

I =
! In applying shear stress to saturated soil with arbitrary stress paths, the pre- |
' diction of the exact value of strains is difficult because of mainly its stress path :
I dependent nature. , !
| Rotation of the principal stress axes during shearing of the soil is a feature of |
| stress paths associated with many field loading situations. A proper under-
| standing of the effects of principal stress rotation on soil behavior can be provid-
! ed if the anisotropy existing prior to stress rotation and induced anisotropy due
! to plastic flow in soil are clearly understood and modeled.

' A multilaminate based model for soil is developed and used to compute and
| present the influence of rotation of principal stress axes on the plastic behavior
1 of soil. This is fulfilled by distributing the effects of boundary condition changes
| into several predefined sampling orientations at one point and summing the mi-
| cro-results up as the macro-result. The validity of the presented model examined
! by comparing numerical and test results showing the mentioned aspect. In this
: paper, the state boundary surface (SBS) is numerically obtained by a multilam-
Vinate based model capable of predicting the behavior of sand under the influenc-
!l es of rotation of the direction of principal stress axes and induced anisotropy..

i The predicted numerical results are tally in agreement with experiments.
L i o o o o o o T o o e omn Fom o

Introduction
The volumetric strain in drained tests as
. a state quantity in strains which should
posses an essence of stress path indepen-
dency by definition is a unique quantity de-
termined when the origin and the destina-
tion of stress paths are given. The concept
of the SBS state boundary surface was first
introduced by Roscoe and Poorooshasb [1].
This surface in (0, p’, q) (note, o is Mois-
ture content of soil) space is that surface
confining a space between itself and the ori-
gin, within which a point can represent a
state of an element of the soil but outside
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which a point cannot represent such a state.
A unique surface named SBS [2] interre-
lates the action of volumetric strain in
drained shear and generated pore water
pressure in undrained shear as a boundary
surface in q, p’, e space. The letters q, p’, €
stand for stress deviator, mean effective
stress and void ratio repectively. Thereafter,
Symes [3] experimentally demonstrated
state boundary surface for isotropically con-
solidated sand under undrained condition in
q,p’, B space. p stands for the angle of rota-
tion of principal stress axes respect to verti-

1



