Pressure-Level Dependency and Densification Behavior
of Sand Through Generalized Plasticity Model
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Abstract: Natural soil deposits and man-made earth structures exhibit complicated engineering behavior that is influenced by factors
such as the stress level and drainage conditions. The stress conditions within a soil structure vary greatly, ranging from very low to very
high values, due to the dead weight, loading and boundary conditions. Saturated sand deposits that exhibit drained conditions under sta
loading become undrained when subject to earthquake excitations. The Pastor—Zienkiewicz—Chan model has demonstrated considera
success in describing the inelastic behavior of soils under isotropic monotonic and cyclic loadings, including liquefaction and cyclic

mobility. This study proposed modifications to the Pastor—Zienkiewicz—Chan model so that effects of stress level and densification
behavior are simulated. The proposed model suggested that the angle of internal friction, elastic and plastic moduli are dependent on tt
pressure levels. Relevant modifications were made to incorporate a power term of mean effective stress on the loading plastic modulus
that a stress-level dependent volume change is obtained in combination with the stress-dilatancy relationship. To better simulate cycli
loading with reference to densification behavior, an exponential term of plastic volumetric strain is included for the unloading and

reloading plastic moduli. A total of 11 parameters are needed for monotonic loading, whereas 15 parameters are needed in describing tl
cyclic behavior. The model simulations were compared with undrained and drained triaxial test results of several kinds of sand unde!
dense and loose states. The predictive capability for monotonic and cyclic loading conditions was also demonstrated.
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Introduction and Seed 1971; Luong 1980; Pradhan 198%is behavior influ-
ences the permanent deformation and damping of soil structures
Itis well known that sands respond differently to the variation in ynder dynamic and cyclic loadings. Following an increase in the
confining stress and densities. Experimental investigation hasp,mper of cycles of loading, in sand, the stiffness increases while
shown that when a sand is sheared under high confining pressurey,o damping reduces, thus affecting the dynamic response of the

a large reduction in the volume and angle of internal friction may g stryctures. Attempts have also been made to incorporate this
result(Vesic and Clough 1968; Banks and Maclver, 1969; Miura effect into sand model&Cuellar et al. 1977; Boyce 1980; Bouck-
et al. 1984; Bolton 1986; Lade and Yamamuro 1996; Yamamuro ovalas et al. 1986; Dobry and Petrakis 1990

and Lade 1996 because of the crushing of soil particles. The
behavior of sand under very low confining pressure has also bee
studied by several researchéPonce and Bell 1971; Fukushima
and Tatsuoka 1984; Tatsuoka et al. 1986; Maeda and Miura
1999. The test results showed a dilatant deformation behavior
and the angle of internal friction increased markedly as the con-
fining pressure was reduced. The test results covering a wide
range of pressures led to a similar conclusikyee and Seed
1967; Verdugo and Ishihara 1996

Another significant property of sand is related to the densifi-
cation and hardening behavior under repeated loadi{8gser

Traditionally, soil constitutive models have been developed
nseparately for clay and sand. Classical plasticity, kinematic hard-
ening plasticity, and bounding surface plasticity have been uti-
lized to simulate sand behavior. In these theories, the yield sur-
face and plastic potential are defined explicitly. In better
simulating the soil behavior, complicated yield surfaces and plas-
tic potentials as well as hardening rules were propdsegl, Pre-
vost 1978; Vermeer 1978; Nova and Wood 1979; Lade and Kim
1988; Bardet 1986; Dafalias 1986; Tatsuoka et al. 1993; Wan and
Guo 1998; Li et al. 1999 The critical state concept has been
used in an attempt to unify the models for sands covering a wide
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Fig. 1. Simulation of stress—strain relationships for drained triaxial

tests using Pastor—Zienkiewicz—Chan model Fig. 2. Simulation of drained cyclic loading test using Pastor—

Zienkiewicz—Chan model

o ) Model Descriptions
Zienkiewicz and Mroz1984), and was later extended by Zienk-

iewicz et al.(1989 and Pastor et al1985, 1986, 1990 In the In the generalized plasticity model, the total strain increment is

generalized plasticity theory, the yield surface and plastic poten- gjyided into elastic and plastic components
tial are not explicitly defined. Instead, direction vectors are used.
de=de®+deP Q)

With appropriate laws for the direction of plastic flow, loading—
unloading directions and plastic moduli, salient behavior of soil \yherede, de®, anddsP=total, elastic, and plastic strain incre-
can be described. Thus, generalized plasticity allows a less com-ments, respectively.

plicated simulation of experimental results for different loading  Nonlinear elasticity and theory of generalized plasticity are
conditions. used to determine the relationships between incremental stresses

Pastor—Zienkiewicz—Chan mod@tastor et al. 1990hereaf-  and strains. The incremental stress—strain relationship is ex-
ter known as base model, exhibited several serious limitations in pressed as

simulating pressure dependency and densification behavior of

sand under cyclic loading. Fig. 1 shows the stress—strain response do=D®".de )

of a dense sand under drained triaxial compression. The paramyhere do and D®P=incremental stress tensor and elastoplastic
eters for the dense sand were calibrated by Pastor €980 for stiffness tensor, respectively. Effective stresses are considered
a confining stress of 207 kPa, but the model gives the samethroughout this paper.

stress—strain response for all Confining pressures. Flg 2 shows The e|astop|astic stiffness tensor is given(%oz and Zien-

the results of a loose sand using the parameters given by Pastokjewicz 1984

and Zienkiewicz(1986. The base model does not simulate the

hardening behavior of sand under cyclic loading, since the stiff-

ness and damping do not change with the cycles of loading.

Recently, several modifications to the generalized plasticity \,qre De,
model have been proposé@astor et al. 1993; Sassa and Sekigu- irection v
chi 200). In Pastor et al(1993, anisotropy was considered,
whereas in Sassa and Sekigu€d001), the effects of principle
stress rotation were included. But these different versions of sand
model still lack the capability to simulate the stress-dependent
and densification behavior. In Pastor et @993, densification Elastic Behavior
was considered but the hardening effect was not simulated satis-

factorily. Bahda et al(1997 developed a slightly different ver- e glastic behavior is defined by the shear and bulk moduli
sipn of generalized'plasticity model using a new state parameter(Gmax andK,,..), both dependent on the stress level. In the for-
with do‘%'b'e hardening rules. mulation of the base model, the elastic shear modulus is ex-
In th!s paper, .bfs\sed on the work of Pastqr et(ah90, the pressed a$,,.,=Gq(p'/p.), Where Go=shear modulus number
generalized plasticity model was extended to include pressure de'andp’ —mean effective stress, which is normalized by the atmo-

pendency and densification behavior of sand under monotonicspheriC pressurp, . The expression of Hardin and Rich&t963
and cyclic loadings. The predictive capability of the proposed 5 aqopted wher6s,, is related to normalized mean stress with
model was examined by comparing the simulations of loose and 5, exponent equal to 0.5

dense sands with the triaxial test results under both drained and
undrained conditions. Gmax=Go(P'/pa)®? (4)

D®:ngy :n":D®

Dep: De_
Hyu+nT:Deng .y

®)

n, Ngu, andH = elastic stiffness tensor, loading
ector, flow direction vector under loading or unloading
conditions, and loading or unloading plastic modulus, respec-
tively.
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Note thatG, is a function of initial void ratio(e.g., Ishihara The nonassociate flow rule is followed so that the loading direc-
1996. tion is expressed as
The Poisson’s ratio is assumed constant for different mean
stresses so that the bulk modulus is expressed as 1
Kmax= Ko(p//pa)o's (5) l+df2 1+df2
whereK ,=bulk modulus number. whered;=(1+a)(M;—m) andM; is independent of the confin-
The pressure dependency of moduli on power law may be ing stress but dependent on the_ Lode argimilar ex_pression to
unconservative and is a violation of the principle of thermody- Mg Of EQ.(7)]. Thus,d; varies with the mean effective stress for
namics (Zytynski et al. 1978; Boyce 1980which requires that &Ny strain levels.
the bulk modulus also depends on the shear modulus. Since the
experimental link between the bulk and shear moduli is weak and
the soil may not be isotropic, Eq&) and(5) are adopted solely ~ Plastic Modulus for Loading, Unloading, and
based on an experimental standpoint. Note that the moduli haveReloading
also been modified to satisfy the principle of thermodynamics
(e.g., Boyce 1980; Houlsby 1985; Hueckel et al. 1992; PestanaThe plastic modulus under monotonic loadidg is modified by,
and Whittle 1999. first, including a power term containing normalized mean effec-
The improvements related to the plastic behavior of general- tive stress
ized plasticity model are described as follows.

ds T

n=

9)

HL=Ho(p'/pa)>H{H,+Hg} (10)

where H,=plastic modulus number; andd;, H and
Stress Dilatancy Hs=plastic coefficients.

The plastic coefficient$d; andH, are related to the failure
Several stress-dilatancy relationships have been proposed foand phase transformation lines. They show a decrease in value
sands(e.g., Rowe 1962; Nova and Wood, 1979; Bolton 1986 with an increase in the shear stress ratio

With reference to the rule of Nova and Wo@tb79, Pastor et al.

v

4
(1985 adopted the following generalized expression for mono- Hi=|1- 1) (11)
tonic loading of sand: nf
1
deP _
P =1+ —|M 12
dy= g, = (1) (Mg=m) (6) =t M (12)
wherede? and deP=incremental plastic volumetric and devia- H,=1— l (13)
toric strains, respectivelyM 4= slope of the critical state line on My
p’'—q plane,n=q/p’ =stress ratio, and. = model parameter. wheren=stress ratio parameter.
M, is related to the angle of internal friction at the critical In the base model, the plastic coefficient is expressed as
stated, and Lode’s angle® Ho=PBoB1 exp(—Bof), wheret = [|deP| is the accumulative plas-
o 6 sind., . tic deviatoric strain. In the proposed model, the following expres-
g—m ( ) sion is used:
M, is independent of confining stress bytvaries with the Ks(p——l)
pressure levelsinceq andp’ do not change in the same ratio for Ho= B, ex Pa (14)
nonproportional shearingthus the dilatancy characteristics of s=h1&XP B-&

sand under different mean effective stresses can be describe
through Eq.(6). Eq. (6) shows that dilatancy is zero at=M,,
which represents the characteristic state line or line of phase
transformation(Tatsuoka 1972; Ishihara 199@ he line of phase

%here the exponential term containikgis introduced to account
for the pressure-dependent behavior of the strain level at peak
strength.; is a function of mean effective streps and stress

. . . ) . . ratio
transformation determines if the volumetric deformation behavior n
will become contractive or dilative, and thus the generation of _ mp/Mg—1 1
excess pore pressure. This is a simplification with the merit of B1_810%0/|\/|g—1 (15)

keeping the number of parameters low, although experimentally h — peak val ; . ¢
the line of phase transformation, which may also depend on the Where mo=peak value of stress rationp) at reference stress,

total stress path, is slightly different from that of the critical state Wh_'Ch is taken afp,. For |_sotrop|c compression test, the stress
(e.g., Ibsen 1999 ratio n=0.0, thusp; remains constant. For very loose sand, at

peak strengthy =My andB,=4,. For medium and dense sands,
the peak strength is determined using the peak angle of internal
friction ¢ through the well-known expression following Duncan

Plastic Flow et al. (1980, who usedo ; instead ofp’
The plastic flow direction under loading, is given in the tri- d=bo—Ad logio(p’/pa) (16)
axial space as whered o= peak angle of internal friction at atmospheric pressure
dq 1 T and A ¢ = change of angle for a 10-fold increase in the pressure.
g =|— (8) Sincep, depends on the confining pressure, the peak strength
V1+d§ V1+d§ naturally depends on the stress level. Thus, by allowing the load-
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Table 1. Material Parameters for Different Kinds of Sand

Toyoura Sacramento River Fountainebledli  Fuiji River®

Very dens@ Densé Medium loos8 Very loosé& Dense Loose Dense Loose
e(D,) 067(825% 0.735(63.7% 0.833(37.9%  0.907(18.5%  0.61(100%  0.87(38%  0.633(65% 0.737(—)
d>p0 () 43.7 40.4 35.0 335 44.4 35.9 41.0 37.0
Ad (°) 4.9 6.0 3.1 2.5 6.0 2.4 2.0 1.0
My 1.25 1.25 1.25 1.25 1.3 1.3 1.2 1.2
M 0.688 0.87 0.54 0.466 0.736 0.55 0.8 0.55
Go/pa 9,400 3,600 2,900 2,100 10,600 4,100 28,900 1,800
Ko/pa 9,700 4,200 2,900 2,500 12,400 5,000 21,700 1,100
Ks 0.015 0.0 0.0 0.0 0.016 0.042 0.03 0.01
B1o 1.0 2.1 3.2 15.0 0.6 05 0.7 31
Bo 15 10.0 20.0 40.0 8 7 5 11.0
a 0.5 0.45 0.45 0.45 0.45 0.45 0.45 0.45
Ho/pa 50,000 15,000 18,000 4,000 100,000 30,000 10,000 2,620
Huo/Pa 40,000 20,000 7,000 2,830
r 3.0 5.0 1.0 0.1
ry 1.0 0.0 0.0 5
Iy 3,000.0 10.0 180.0 22.0

3Fukushima and Tatsuokd984).
bVerdugo and Ishihar61996.
‘Lee and Seed1967).

dLuong (1980.

®Tatsuoka(1972.

ing plastic modulus to depend @i and by introducing, to- wherer ,=constant; and:P,=plastic volumetric strain at the in-
gether with the dilatancy relationships, the stress—strain behaviorstant of unloading or reloading, and it is either compressive or
of sand under different stress levels is simulated. The coefficientszero.
H,+Hs preserve their roles like the base modPhstor et al. The reloading plastic modulud, is modified to account for
1990. That is, for dense sandi, and Hg start to reduce as  the mean effective stress and past stress history
shearing is initiated,, reaches zero when the critical state line is _ Y
crossed(i.e., H,+H,=0), and subsequently becomes negative. HL=Ho(p'/pa)**H{H, +HetHpmHgen
Immediately after the peak is reached, reduces buH, does  where a stress memory factbip,, is introduced to account for
not (H, +Hs<0H, <0). Hs approaches zero at the critical state the history of past events. Three normalized deviatoric stress ten-
line upon further shearing. sors are used to defittépy : S, S’ , ands] = normalized devia-
The test results by Pradhai989 showed that the stress-  toric stress tensor at the last unloading, at the starting point of
dilatancy relationships under cyclic loading can also be expressedg|pading, and at the second point of reloading, respectively
using an expression similar to E@®)

(22)

dg=(1+a)(Mg—m) 17) sij=ejj/(pyMgy) (23)

Mg=M in loading but in unloading, it is expressed as s =ejj/(piMg1) (24)
6 sin ,

’ ) (18) i =e5/(psMgp) (25)

9:3+sin¢cv sin 30

Upon unloading, the soil has been densified so that the plastic
flow direction follows the following expressiofsimilar to the
original formulation):

1

d
ngU:(_abS( 9 5| 2
Vi+dg) J1+d]

The pressure-dependent term and a tétgg, are introduced

where ei‘} =deviatoric stress tensor at the last unloading;
p,=corresponding mean effective stress; avig,=M, at that
stress point. The superscripts and subscripts 1 and 2 state the
quantities at the point of reloading and second point of reloading,
respectively.

Two variabless; ands, are defined from above stress tensors
leading toHpy

.
(19)

into the unloading plastic modulus to consider densification and 31=|Silj *Siuj| (26)
hardening behavior in the proposed model 5
0 so=sjj —sijl
H,=Hyo(p'/pa)® My H gen for %>1
um o Ty den Hpw=1.0 whens;>s,
’ 0 Mg 1
:HuO(p /pa) '5Hden for |—|<1 (20) Zm when SIS, (27)
H ger=eXp(— T g&ho) (21) wherer =coefficient for the stress memory factor.
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Fig. 3. Undrained triaxial compression tests on Toyoura saad:
dense,(b) loose, (c) very loose(experimental results after Verdugo
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Fig. 4. Drained triaxial compression tests on Toyoura sdadvery

dense,(b) medium looseexperimental results after Fukushima and
Tatsuoka 198¢%

Parameter Identification and Model Evaluation

A total of 15 parameters are needed to express proposed model
considering cyclic loading. For the monotonic loading test, the
total number is reduced to Ikee Table 1 To identify the pa-
rameters, three drained or undrained triaxial tests having the same
initial density are recommended. Two of the tests should be
monotonic and having different initial confining pressures, and
the other test should be conducted under cyclic loading. The dif-
ference in the confining pressure of the two monotonic tests
should be large enough to cover the range of stress levels of
interest. For advanced soil models that are different from simplis-
tic models, which rely on a few conventional parameters, the
calibration process becomes extremely important. A brief descrip-
tion of calibration procedure is given below.

The determination 06y, K, ¢o, Ad, andMy is straightfor-
ward. G is obtained from the stress—strain curve or from elastic
wave propagation tests in the field or laboratory, such as the
bender test. Triaxial tests with small strain measurement may also
be used to quantify the elastic shear modulus. The empirical re-
lationships similar to that of Hardin and Richait®63 and Ishi-
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Fig. 5. Drained triaxial compression tests on Sacramento River sand:
(a) dense(b) loose(experimental results after Lee and Seed 1967

hara(1996 may also be used to estimate the elastic moduys.
can be obtained from isotropic compression test or by matching
the initial slope ofe, or ¢, versusp’ curve. The two elastic

parameters, however, do not affect the response significantly. The

terms$, andAd can be obtained from E@16) using the results

of the two monotonic tests, which are conducted using different
confining pressuredrained testsor by fitting the stress—strain
curves(undrained tesjsMy is equal to the stress ratigp’ at the
critical state of the monotonic triaxial tests.
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Fig. 6. Undrained cyclic loading test on loose Toyoura sand
(experimental results after Pradhan 1989

slope of the first unloading stress—strain cumygijs obtained by
fitting the first unloading stress—strain curve; is determined by
matching the reloading curve in the cyclic test. For drained cyclic
test,ry is obtained by matching both the hysteretic loops in the
stress—strain curve anmg- ¢, curve. For undrained cyclic loading
test, it can be determined by fitting the results with the stress path.

To assess the predictive capability of the proposed model, the
simulation is compared with the published results of different
kinds of sand under different initial densities: Toyoura sand
(Fukushima and Tatsuoka 1984; Pradhan 1989; Verdugo and Ishi-
hara 1996 Sacramento River sandilee and Seed 196,7Foun-
taineblau sandLuong 1980, and Fuji River sandTatsuoka
1972. The densities of Toyoura sand used by these researchers
were over a wide range of values, thus was conveniently called
very dense €=0.67), dense €=0.735), medium loose g
=0.831), loose ¢=0.833) and very loosee=0.907). The pa-
rameters used for different types of tests are calibrated and sum-
marized in Table 1. Note that several parameters were normalized
by the atmospheric pressure to be dimensionless.

Monotonic Loading, Undrained Conditions

The undrained triaxial tests of Toyoura saf\&rdugo and Ishi-
hara 1996 at three different relative densities were simulated and
compared in Figs. @—0: dense €=0.735D,=63.7%); loose
(e=0.833P,=37.9%); very loose =0.907D,=18.5%). The

M; can be determined by fitting the results of the stress paths confining pressure varied from 100 to 3,000 kPa. The deviatoric

(g versusp'’) in undrained tests oe, versuse; curve in the
drained tests. The ratidl; /M is larger for dense sand compared
to loose sand. The term is obtained from the slope of the stress
ratio versus dilatancy curve. Its value is usually around k4t
obtained from the two monotonic tests and the value is small for
dense sandH, is determined by fitting both the monotonic
stress—strain curve and the versuse, curve for drained tests or
the p’ —q stress path for undrained tesgy and B, are deter-

stress—strain relationships and stress paths are compared. The dif-
ference in response between the loose and dense states, i.e., from
contractive to dilative behavior, was well described over this wide
range of confining pressures. Note the slight deviation of excess
pore pressure around the phase transformation line in the simula-
tion of the dense and medium loose Toyoura sand that resulted in
lower mean effective stress compared to the experimental results.
The deviation, which is larger for higher confining pressure, was

mined by matching the stress—strain curves. An example of para-due to the assumption that the angles of phase transformation and

metric study is given at the end of the paper.
There are four additional parameters for describing the cyclic
behavior.H o is determined by fitting the results with the initial
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critical state are the same. Also, as indicated by Lade and Yama-
muro (1996, critical states are difficult to achieve as the confin-
ing pressure increases due to particle crushing.
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1972

contractive behavior of sand with an increase in the confining

pressure. The model was also able to reproduce the dilative be-

havior at low confining pressure and the saturation of dilation as

Figs. 4a and b show the comparison of the model simulation the confining pressure became large. The agreement between the

with the drained triaxial tests for Toyoura saffelkushima and simulations and test results for the two types of sand under dif-

Tatsuoka 1984 at the denseg=0.67D,=82.5%) and medium  ferent densities was very good.

loose €=0.831D,=39.2%) states, respectively. The confining
ressures varied from 50 to 390 kPa for the dense state and 98— . . . .

290 kPa for the medium loose state. Note that the simulation of Cyclic Loading, Undrained Conditions

medium loose Toyoura sand was based on the calibration of theThe capability of the proposed model in simulating liquefaction

Monotonic Loading, Drained Conditions

undrained tests at the loose state of Verdugo and Ishii&@6), and cyclic mobility of Toyoura sandPradhan 1989and Fuji
which were of larger pressure levels. The comparisons for Sacra-River sand(Tatsuoka 197Rare shown in Figs. 6 and 7, respec-
mento River sand(Lee and Seed 1967at the dense € tively. Toyoura sand was prepared at a loose state with

=0.61D,=100%) and looseg=0.87D,=38%) states are pre- =0.798, p'=98 kPa and a constant stress amplitude gof
sented in Figs. @ and b, respectively. The confining pressures +25kPa. The void ratio of loose Fuji sand was 0.737. The
were in the range of 98 to 1,960 kPa for the dense state and todrained monotonic triaxial tests having an average void ratio
1,250 kPa for the loose state. The simulations are presented for=0.753 were used to calibrate the basic 11 paramgfégs 7(b)].

both stress ratio and volumetric strain versus axial strain relation- Note that the parameters from the loose state of Verdugo and
ships under different stress levels. From the stress—strain relation{shihara(1996 were used to predict the behavior of loose Toy-
ships and the dilatancy curves, the proposed model showed theoura sand. Despite the complex behavior under undrained cyclic
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Fig. 9. Drained cyclic loading test on very dense Toyoura sand
(experimental results after Pradhan 1989

loading and slight difference between the densities of monotonic
and cyclic tests, the model was able to simulate reasonably well
the experimental results when compared to other models reported
in the literature.

Cyclic Loading, Drained Conditions PraeeioM 02 ECERT oo

A comparison is made for investigating the predictive capability Fig. 10. Parametric studies on very dense Toyoura sand—drained
of the model in simulating densification and hardening behavior triaxial test

of sand under cyclic loading. The model was used to simulate the

behavior of a constarg* triaxial test (’=200 kPa) of dense  other types of soil. However, the results of parametric studies here
Fountainebleau sane{0.633Dr =65%) as reported by Luong  are limited to one confining stress and density of soil.

(1980. The results obtained from a conventional triaxial test of

very dense Toyoura sané+£ 0.645,p’ =25 kPa, withg/p’ vary-

ing between 1.4 ane-0.87; Pradhan 1989were also compared. ~ Summary and Conclusions

The monotonic drained triaxial test was used to calibrate the first

11 parameters for Fountaineblaeu s#Riy. 8b)], whereas that ~ The generalized plasticity model for soil has been modified to
of Toyoura sand were based on Fukushima and Tats(if&y). consider pressure-level dependency. The capability of simulation
Figs. 8§a) and 9 show the comparison of simulated and experi- Was verified with the test results obtained from undrained and
mental results for cyclic test of Fountainebleau and Toyoura drained monotonic loading tests under different initial densities.

sands, respectively. The model was able to simulate the cyclic The densification behavior under repeated loading has also been
hardening behavior of the sands reasonably well. incorporated into the model and verified with the drained cyclic

loading tests. The result of comparison was satisfactory, espe-
cially considering the case of Toyoura sand where the same set of
parameters was used to predict the results of drained, undrained,
A series of parametric studies was conducted on Toyoura sandand cyclic loading tests as reported by different researchers.
(very densee=0.67, p’=98 kPa, to investigate the effects of The model has to be calibrated with sand having an initial
input parameters on the response. Since the effect of elasticdensity of interest. Other effects, such as anisotropy and overcon-
moduli numbersG, andK is not significant in static and cyclic ~ solidation, are not considered. Comparison of the results having
loadings, only the effects of nine other monotonic related param- stress paths other than triaxial should also be conducted. The
eters are compiled and shown in Fig. 10. The response was p|0t-pOSSibi|ity of using a state parameter to unify the behavior of sand
ted for the standard values of Table(Highlighted in dark and under different initial densities should be attempted. Further work
two other values, one higher and the other lower than standardhas been conducted to implement the model for the analysis of
value for each parameter. It can be seen that with the range of well-controlled model testéling et al. 2003.

selected values, some parameters affect the stréagth asb,
o,B10,Hg,Mjy), whereas other parameters affect dilatisnch as
a,B10,M¢,Mg), shape of the curve before and after the peak
strength, etc. Fig. 10 facilitates selection of parameters by varying The study was based upon work supported by the National Sci-
the value in getting the desired response during calibration of ence Foundation Career Award under Grant No. CMS-0092739

Sensitivity of Parameters
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