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ABSTRACT: Incorporation of void ratio as a state variabl®inonstitutive models allows, in principle, to use
a single set of material parameters for soils with diffedegrees of overconsolidatiopnconstant experiments
by Hattab and Hicher (2004) on soils with overconsolidatiatins (OC R) ranging from 1 to 50 are used for
evaluation of three constitutive models of different coexily. It is demonstrated by means of a scalar error
measure and stress-strain diagrams that at least two sptsarheters for differen®C' R intervals should be
used. Further, advanced models perform significantly bitéa the Modified Cam clay model and a hypoplas-
tic model for clays leads to better predictions than elgsastic three surface kinematic hardening model.

1 INTRODUCTION tutive models based on different mathematical back-

It has been recognised since the development of critidrounds, namely the three surface kinematic harden-
cal state soil mechanics in 1960’s that realistic constiind model (3SKH), and a hypoplastic model for clays
tutive models should consider void raticas a state

variable. This approach, in theory, allows to use a Modified Cam clay model (Roscoe and Burland
single set Of materia' parameters to predict the be1968) ISa baS|C Cr|t|cal state SO'I meChar"CS mOdel In

haviour of soils with a broad range of overconsoli- this work a version which complies with Butterfield’s
dation ratios and thus simplifies practical application(1979) compression law is used, thus the isotropic vir-
of constitutive models. As a matter of fact, however,9in compression line reads

gualitatively correct predictions of behaviour of soils In(1+¢e)=N—X1In(p/p,) (1)
with different OC' Rs based on a single set of mate- ith parametersV and\* and a reference stregs—
rial parameters do not necessarily imply satisfactor;}{v ka S| f the iSOLroDI loading I PS=
performance from the quantitative point of view. An trolle?j' b Ot?]i OaraanleStce)fl;orz:lgnus?a%? slﬂgalrnri(;fjlﬁﬁg-
engineer aiming to apply the constitutive model for y b '

solution of practical geotechnical problems should beG is assumed inside the yield surface and the critical

aware of the range aBCRs for which a single set State stress ratio is characterised by parameter

of material parameters may be used and design an ex ;Eeag\?;':ercrllOei?ré;?lslgibtrhaesiigg%;ﬁ;ylr?;rdlg?};} )g
perimental program accordingly.

In th ‘ f th plasticity models for soils. The model, which may
n the present paper, performance of three Constipa geen a5 an evolution of the CC model, is charac-

tutive models of different complexity is evaluated ON+tarised b : : :
: e ) y two kinematic surfaces in the stress space
the basis of triaxial tests by Hattab and Hicher (2004)(see Fig. 1), which determine the extent of the elas-

Eetc?jnsmt’ted ka_olligo%li)lgwas Cilsotrolﬁ)i%ally consoli-ic hehaviour (yield surface) and the influence of the
ated up 1@ma. = a and SWeIed 10 @ MéaN qocant stress history (history surface).
effective stresg = p,.../OCR, with overconsolida- ParametersV, \*. x* andJ/ have the same mean-

tiﬁn ratiﬁs rangirr:g from 1 to 50. Froﬁrr;”this (;state %ing as in the CC model, the shear modulus inside the
shear phase with constant mean styeésllowed U o jctic ranges is calculated from

to failure.
G
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2 CONSTITUTIVE MODELS D Dy

Modified Cam clay model (CC) has been chosen as with parametersA, n and m. Parameters’ and
reference for comparison with two advanced consti-S characterise relative sizes of kinematic surfaces



A increments, of lengti\g = ¢,,,.../ L. Then, following

1 Masin et al. (2006), the simulation error can be de-
fined as
yield surface Z HAeszm emp
history surface _+ |_TSa 6TT(OCR7 Qmax) = (4)

Aeemp

puan

?

a \
where Aef), and Aeszm are the measured and pre-
dicted strain increment tensors, respectively, corre-
sponding to thé—th stress increment of sizgy.

bounding surface In order to demonstrate the meaning of the nu-

Figure 1. Characteristic surfaces of the 3-SKH model, frommerlcal, Vall.Je Oferr., It is pIOtJ.[ed for two speua!

Main et al., 2006. cases in Fig. 2. First, experiment and simulation

with identical strain path directions and different in-

(Fig. 1). The last parameter controls the rate of de- cremental stiffnesses (measured by their ratie-
cay of both bulk and shear moduli for states at thd|Aeexp||/||AeSZm|| from (4), i.e.a = Goin/Gewp =
yield surface, inside bounding surface (Fig. 1). Kim/ Kerp, WhereG and K are shear and bulk mod-

A hypoplastic constitutive model for clays was pro- uli respectively) are considered. In the second case ex-
posed by MaSin (2005) and investigated further byperiment and simulation are characterised by identical
Masin and Herle (2005). It combines the mathematincremental stiffnessesy(= 1), but different direc-
ical formulation of hypoplastic models (e.g., Kolym- tions of the strain paths measured by the angléen
bas 1991) with the basic principles of the CC modelthe Rendulic plane of (e, vS. v/2¢,, wheree, ande,

The rate formulation is governed by a single non-are axial and radial strains respectively). Investigation

linear equation of (4) reveals thatrr = |1 — 1/« for the first case
‘ ‘ ‘ and err = |2sin(Av./2)| for the second one (with
U:fs£:6+fsde||€|| (3) Awe:we sim_we e:cp)'

with constitutive tensor€ andN and scalar factors
fs and f;, no switch function is introduced to dis-
tinguish between loading and unloading and strains 08
are not sub-divided into elastic and plastic parts as in
elasto-plasticity.

The model requires five parameters with a simi- 04
lar physical interpretation as parameters of the CC
model. N and \* are coefficients in the Butterfield’s
(1979) compression law (1)x* controls the slope 0

of the isotropic unloading line in thin(1 + e) vs. I o *

In(p/p,) spacey. is the critical state friction angle. Figure 2. Numerical values of-+ for experiments and simula-
The last parameter determines the shear modulus. tions that differ only in incremental stiffnesses (left)dastrain
Due to non-linear character of Eq. (3), the parametepath directions (right).

r is usually calibrated by means of a parametric study,

0.6 |
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similarly to the parametep of the 3SKH model. Calculation oferr is complicated by the scatter
in experimental data, in particular for low (high
3 SCALAR ERROR MEASURE OCR). For calculating okrr the data were approxi-

A scalar error measure has been introduced in orddpatéd by polynomial functions of the form

to asses model performance in the pre-failure regime b, d :

and in order to eliminate a high amount of subjectivity €s = s T Csq " T €G- (5)
of model calibration.

The suitable error measure should reflect differ-
ences in both predicted and observed stiffnesses and
strain path directions. As experiments and simulationsvith coefficientsay, b,, ¢, ds, e, f, ...anda,, b, c,,
are characterised by identical stress paths, simulatiod@,, ¢, f, .... In this way a good fit of experimental
error is measured in the strain space. Let the predata was achieved, as demonstrated in Fig. 3 for an
failure part of the stress path be subdivided ifito experiment withOCR = 10.

and
€, = avqb” + cqu” + evqf” . (6)
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In the present work, for all simulationg,,, from  Figure 4. Calibration of parametef$, \* and x* of the CC
(4) is chosen such that,.. = 0.7¢ycar, Wheregye,, ~ model.
is the peak deviator stress achieved in the particular ) _
experiment. in (4) is high enough so it does not in- and the influence of the recent history, 2, m, 7" and

fluence calculatedrr (typically L = 100 was used). ). Data by Hattab and Hicher (2004) do not contain
experiments required for their calibration. However,

4 CALIBRATION as similar soil (Speswhite kaolin) was used by Stalle-

brass and Taylor (1997), the additional parameters of

The parameters of the studied constitutive models cafle 3SKH model were taken over from their work
be roughly split into two groups. In one group are '

parameters with a clear physical meaning, which ar
calibrated by standardized calibration procedures. OQLZ The secorld group of paracr?gters HC q
the other hand, parameters from the second group af“gzer'af?er ers, r!amf?@ EI ), Tlt( f) ant t
less clearly defined and their calibration is more sub- ( ), influence significantly results of constan

jective. These parameters are usually found by mearfs€XPerments in the pre-failure regime and their cali-
of parametric studies ration is to some extent subjective. In order to elimi-

nate this subjectivity, these parameters were found by
A1 The first group of parameters minimizing_ the scalar error measueer defined in

. Sec. 3. This procedure was applied on conspast-
In the present work, parameters from the first grougperiments aDCR = 1 andOCR = 10, so two sets
were calibrated only once and their values were keppf material parameters (optimised fOC'R = 1 and

constant for all simulations. OCR = 10) were obtained (Tab. 1).
To this group belong parameterg, \* and x*,
which were found by evaluation of an isotropic load- 16

ing and unloading test, as demonstrated for the CC

model in Fig. 4. Note that the numerical values of the

parameter* (Tab. 1) differ for the three constitutive 127

models. In the 3SKH model* specifies a bulk stiff- 17

ness in thesmall strainrange and it was calculated 08 |

from an assumed Poisson ratio (accurate volumet-

ric measurements in the small strain range were not

available). In the HC model the slope of the isotropic 04 e . .5 3 as

unloading line is for higheOCRs influenced also W

b,y the non'-“near character of the hypoplastic equaFigure 5. Calibration of) by means of minimalisation afrr for

tion. For this reasom:* of the HC model could be experimenta0OC R = 10.

considered to belong to the second group of param-

eters. However, as it has only minor effect on predic- Calibration of parameters from the second group is

tions of constanp experiments (which are in scope in the following demonstrated by means of calibration

of this study), its value was kept constant for all sim-of ¢/ using an experiment &C R = 10.

ulations. An approximate average value of the critical Relation oferr with respect to the value af is

state friction angle from all shear experiments avail-shown in Fig. 5. The curve has a clear minimum that

able was used to calculate the paramate(y.). corresponds t@ = 2.53. This optimised value of),
The 3SKH model requires five further parameterstogether with two different values, were used for sim-

that control the behaviour in the small strain rangeulation of the experiment abC'R = 10 (Fig. 6). In

1.4+ =2.53 for OCR=10

err

0.6 r




the pre-failure regime the value of found by opti-

2

" CC e
misation with respect terr corresponds quite well to 175 LgahS T Parameters for OCR 1
the value that could have been chosen by means of a
subjective trial-and-error calibration procedure. 15
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Figure 6. Predictions of the test OCR=10 by the 3SKH model =
with err-optimised ¢ = 2.53) and two different values af. © 1L

Parameters andG were found using the same pro- 075 |
cedure as outlined above, a clear minimurmofwas
obtained in all cases. The only difference was in the
calibration ofy for OC'R = 1, as the stress state of the 0.25 L+ t s
3SKH model is on the bounding surface and therefore 50 20 10 5 2 1

¢ does not influence model predictions. In this case OCR

» was found by trial-and-error by simulation of the Figure 7.err for parameters optimised f@?C R = 1 (top) and
isotropic unloading test from Fig. 4. OCR =10 (bottom).

05 ¢

els have different ranges of validity of different sets

Table 1. Material parameters .
of material parameters:

| M, o N K* N
CC 1.1 0.065 0.0175 0.918 1. Hypoplastic (HC) model performs for higher
HC 27.5° 0.065 0.01 0.918 OCRs less correctly than other two models
3SKH | 1.1 0.065 0.0034 0.918 when calibrated using data fofC'R = 1. How-
ever, when calibrated at high€CR, it pro-
| A n m T S duces the best predictions out of all tested mod-
3SKH | 1964 0.65 0.2 0.25 0.08 els for the entire range @dC Rs, with more-or-
less constant value efr.
| G,r,v (OCR1) G,r, 9 (OCR10)
cC 7330 kPa 2210 kPa 2. Elasto-plastic (CC and 3SKH) models calibrated
HC 1.43 0.67 at OCR = 10 perform relatively correctly up to
3SKH | 2.3 253 OCR =~ 4. For lowerOC Rs parameters for nor-

mally consolidated state lead to better predic-
tions, but in the case of 3SKH still worst than
predictions by hypoplasticity.

5 PERFORMANCE OF THE MODELS

The two sets of parameters found in Sec. 4 were By definition, the value oérr characterises model
used in simulating experiments at the whole range opredictions in the pre-failure regime only. In order
OCRs. The initial states of/, ¢ ande measured in to evaluate predictions at failure, observed and pre-
the experiments were used in the simulations. In addicted peak friction angleg, were plotted with re-
dition, the 3SKH model requires to specify the initial spect toOC R. The results were similar for both sets
positions of kinematic surfaces. These were aligned tof parameters, Fig. 8 shows them for parameters op-
reflect the stress history followed in the experimentdimised forOCR = 10. HC and 3SKH models pre-
(Sec. 1). dict peak friction angles relatively accurately (HC is
The obtained scalar error measure is plotted more accurate faDC'R < 10, 3SKH forOCR > 20).
with respect taCR in Fig. 7. From this figure itap- CC model overestimates significanily for all states
pears that studied elasto-plastic and hypoplastic modvith OCR > 2. This is a well-known shortcoming of
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While err gives a convenient quantitative measure
of the model performance, it does not specify the 06 1
source of the prediction error. For qualitative com- 777 HC
parison, the stress paths normalised by the Hvorslewe 0.4 |
equivalent pressurg’ are plotted forOC R = 10 op- s
timised parameters in Fig. 9. Overpredictiongfby
the CC model is clear, the shape of the normalised
stress paths is predicted relatively correctly by both
HC and 3SKH models. All models, however, overes-
timate dilation. Normalised stress paths of all models
head towards a unique critical state point, which has
not been reached in the experiments at high€iRs
(Fig. 9 top). A possible reason may be in localisation & 94 |
of deformation in shear bands at high2€'Rs. <

q VS. €, graphs forOCR = 10 optimised parame- 0.2
ters are shown in Fig. 10. It is clear that higher er-
rors for lowOC Rs of elasto-plastic models, reflected ol fiof i, ‘
in Fig. 7, are caused by the underestimation of the 0 0.2 0.4 0.6 0.8 1
shear stiffness in the case of CC and overestimation p/pg
of the shear stiffness in the case of 3SKH (with theFigure 9. Stress paths normalised#ifor OC R = 10 optimised
exception ofOCR = 1). Low prediction errors by parameters.
the HC model (Fig. 7) are reflected also in qualita-
tively correct performance shown in Fig. 10. Volumet-be considered for both hypoplastic and elasto-plastic
ric changes shown in Fig. 11 reveal a general trendnodels. It appears that the HC model requires a differ-
of overestimation of dilation for high&?C'Rs, as al- ~ ent set of material parameters only for normally con-
ready discussed in the previous paragraph. The shagelidated soil, a single set of parameters, which leads
of €, VS. ¢, curves is best predicted by the HC model.to accurate predictions for a broad range(uf'Rs,

For highOC Rs the 3SKH model predicts dilatant be- is sufficient forOCR > 1. Two sets of parameters
haviour immediately after the start of the shear phaseghould also be used for studied elasto-plastic models,
which has not been observed in the experiments. Owith the approximate limiting) C'R ~ 4.

the other hand, hypopIaStICIty overestimates the initial It is perhaps not Surprising that the two advanced

0.2 r

0.6 r
3SKH

contraction for mediun®C Rs. models performed significantly better than the CC
model in predicting the non-linear behaviour in the
6 CONCLUDING REMARKS pre-failure regime and correctly estimating the peak

Results of this study must be seen as preliminary, agiction angles for highOC Rs. For higherOC Rs the

only one set of experimental data on one particulaHC model leads to better predictions than the 3SKH,
soil was investigated. Presented results however sholoth from the point of view of the scalar error mea-
that at least two sets of material parameters shouldureerr and a qualitative performance expressed by



1200 T T T T T T T -0.1 T T T T T T T

1000 | experiment E -0.08 | experiment |

800

600

q [kPa]

400

200 ¢

1000

800

600

q [kPa]

400

200

1000

800

600

q [kPa]

400

200

1000 3SKH 1 -0.08 3SKH I
800 ‘

600

q [kPa]

400

200

0

0 002 004 006 008 01 012 0.14 0 002 004 006 008 0.1 012 0.14
&[] &[]
Figure 104 vs. e, graphs forOCR = 10 optimised parameters. Figure 11¢, vs.e, graphs folOCR = 10 optimised parameters.
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