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Abstract

Incorporation of void ratio as a state variable into constitutive models allovgsinniple, to use a single
set of parameters for soils with differe@C' Rs. Two sets of experimental data on reconstituted clays are
used for evaluation of three constitutive models of different complexitydiiiexl Cam clay model, 3-SKH
model, hypoplastic model for clays). Although all the models predict the infe®fOC R correctly from
the qualitative point of view, quantitative comparison using a suitable saatarreeasure reveals merits
and shortcomings of different models.
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1 Introduction

It has been recognised since the development of critical state soil meshat960’s that realistic
constitutive models should consider void ratias a state variable. This approach, in theory, allows to use
a single set of material parameters to predict the behaviour of soils withad baoge of overconsolidation
ratios (OC Rs) and thus simplifies practical application of constitutive models. As a mattectf fa
however, qualitatively correct predictions of the behaviour of soils wifierent OC' Rs based on a single
set of material parameters do not necessarily imply satisfactory perfoatfiaom the quantitative point of
view. An engineer aiming to apply the constitutive model for solution of praageatechnical problems
should be aware of the range©_ Rs for which a single set of material parameters may be used and
design an experimental program accordingly. Also, the mean stres3@#atvary throughout the soil
strata. If their influence is not predicted appropriately, differentipaiar sets must be used for different
depth levels, which is not desirable.

To the knowledge of the authors, a detailed evaluation of constitutive modilis irespect is missing
throughout the geotechnical literature. To investigate predictive capabditieurrently available
constitutive models, three models of different complexities based on diffarathematical backgrounds
have been evaluated using two sets of experimental data on reconstitetggddined soils at different
OCRs. Itis acknowledged that complete evaluation of the models for use in prigmtaddems should
consider a wide range of stress paths and loading conditions, prgfdiadztional response of soil should
be studied (see, e.g., [14, 5]). As such detailed experimental dataflenedifOC Rs are not available, the
present evaluation focus on shear experiments performed undemaxétyic conditions in the triaxial
apparatus.

Soil mechanics sign convention is used throughout this paper, i.e. caigresresses and strains are
positive. All stresses are effective stresses in the sense of Teragtiple. The single element and finite
element implementations of all the models considered is freely available [4].

2 Experimental data

Two sets of experimental data have been used throughout this studijrsiiiea comprehensive set of
data on kaolin clay by Hattab and Hicher [6], which has been supplementadpose-made experiments
on reconstituted kaolinitic-illitic clay in order to draw more general conclusions

The experiments on kaolin clay have been described in detail in Refdi@nddey were conducted in a
Bishop and Wesley triaxial apparatus with computer control, which madesttgego follow the constant
effective mean stregspath with accuracy-1 kPa. The axial deformation has been recorded by means of
external LVDT transducers and volumetric strains using GDS preseuteotlers. The specimens of

kaolin clay with Atterberg limitav;, = 40% andwp = 20% were prepared in a consolidometer from a
slurry at a water content of twice the liquid limit. The height of the samples waal ¢gtheir width (35

mm) and smooth end-plattens were used. The specimens were isotropicadlgl lgatb the maximum
preconsolidation pressupg = 1000 kPa and then isotropically unloaded to the presputep,/OCR,



from which the shear tests at constant mean sjréskbowed. Altogether 12 shear experiments are
reported, aOCR = 1,2.25,2.5,2.7, 3, 4,5, 8, 10,20 and50, with stress paths shown in Fig. 1(a).

The soil for the second set of experiments was a kaolinitic-illitic clay fromrédrey sedimentary basin
nearUsti and Labem, Czech Republic, which is characterised py= 58 — 62% andp = 29 — 34% [7].
Constant cell pressure drained triaxial tests have been performedanialtcell using a load frame. Axial
deformation has been measured externally by means of digital dial gaalgmnetric strains were recorded
by GDS pressure controllers.

The soil from a rotary drill core was reconstituted in distilled water at a watetent approximately 1.5
wr, transferred into a double drainage consolidometer and consolidatedvartical load of 70 kPa,
which was enough to create specimens that could be handled and treah&fign the triaxial apparatus.
After removing from the consolidometer, the specimens were trimmed to a stesdartio 2:1 (D=38
mm, H=76 mm) and set up in the triaxial cell. A radial drainage has been usedento speed up the
dissipation of pore pressures, while the bottom drainage was facilitatezligi end platens. Before
testing, Skempton B-value has been measured in order to check satufdtiersamples. A minimum
value of 97 % was required.

A similar test procedure to that of Hattab and Hicher [6] has been folloiedhe specimens were first
isotropically consolidated to the mean strggs= 600 kPa and then isotropically unloaded to

p = po/OCR. Five different values o©C R have been applied, namelyC' R = 1,1.5,2,4 and8. From
this state, strain-controlled drained triaxial tests have been conductedaijute, at the rate of axial
deformation of 0.001 mm/min. The stress paths are shown in Fig. 1(b). Due tséiw the rough end
platens, the deformation tended to localise into shear bands in the postegé@ak respecially in the case
of specimens tested at higher overconsolidation ratios. This renderkddbestrain data less reliable, it
had however only little influence on the pre-peak states, which were irtiaudar scope of this study.
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Figure 1: Stress paths of experiments used for evaluation of the modedotm &dlay by Hattab and Hicher
[6] (a) and illitic clay (b).

3 Constitutive models and their parameters

Three constitutive models of different complexity and based on diffenathematical backgrounds have
been selected for evaluation presented in the paper. All of them are bagske critical state soil
mechanics and as such it is implicitly assumed that consideration of void ratex(dvalently,
preconsolidation pressure) as a state variable is sufficient to use as#hglematerial parameters for
predicting the behaviour of soils with differe@C Rs.

The first model considered is a basic critical state soil mechanics nidddified Cam clay (CC)L7].
This model has a number of well-known shortcomings, among which possibigdkeimportant is an



elastic behaviour inside the yield surface and overprediction of pedilofrianglesy,, of overconsolidated
soils. However, as this model is still widely used in practice it provides a k@uaference for the two
more advanced models considered. In this work a version with Butterf[8ldi®mpression law is used,
mainly due to the simplified comparison with the two other models, which use the sanmpeession law.
Therefore, the isotropic virgin compression line reads

In(1 +¢) = N — A In(p/p,) (1)

with parametersv and\* and a reference stregs = 1 kPa. The slope of the isotropic unloading line is
controlled by the parameter, a constant shear modulasis assumed inside the yield surface and the
stress ratio) = ¢/p at critical state (where is shear stress andis mean stress) is equal to the parameter
M.

The second modeihree surface kinematic hardening model (3SKi)Stallebrass and Taylor [19], is an
advanced example of the kinematic hardening plasticity models for soils [hB&]mbdel represents an
evolution of the CC model and of the two surface kinematic hardening mod&l tgbbaa and Muir

Wood [1]. With respect to the model by Al Tabbaa and Muir Wood [1], tweeknatic surfaces in the stress
space (hamed yield surface and history surface) improve predictions gmtall strain range and enable
the effects of recent stress history [2] to be modelled. Since the hagderidulus depends on the distance
from the outer bounding surface (of the same shape as the yield saffd@eCC model), the 3SKH model
predicts the non-linear behaviour inside the bounding surface and tthosstnot suffer from the two main
shortcomings of the CC model. Sketch of the three characteristic surfeites25KH model is in Fig. 2.
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Figure 2: Characteristic surfaces of the 3-SKH model, frongiklat al. [14].

Four of the parameters of the 3SKH model, namEly\*, x* and M, have the same meaning as the
parameters of the considered version of the CC model. The shear modiitlestime elastic rang@ is
calculated from an equation by Viggiani and Atkinson [20]
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with parametersi, n andm. The parameterg and.S characterise the relative sizes of the kinematic
surfaces, as demonstrated in Fig. 2 (if we denote the size of the bounnifage2a, then the sizes of
history and yield surfaces are equaktba and27 S« respectively). The last parameter,is an exponent
that controlls the influence of the distance of the current stress statetisobounding surface on the
hardening modulus, and therefore it controlls the rate of decay of stiffag the state moves towards
bounding surface (as demonstrated later in the text, e.g. Fig. 9).

The last model tested is based on a mathematically different approach pléastixity. A hypoplastic
constitutive model for claydHC) was proposed by Min [11] and investigated further by Nim and Herle
[13], who have shown that the model predicts the state boundary sydafined as a boundary of all



possible states in the stress vs. void ratio space), although it is not explicitispiorated in its
mathematical formulation. The model combines the mathematical formulation of lagtiopnodels (e.g.,
[9, 21, 16, 8]) with the basic principles of the critical state soil mechanit$tlzerefore the influence of
OC'R is predicted in a qualitatively similar way to the 3SKH and CC models. Similarly to the3SK
model, the hypoplastic model predicts non-linear behaviour inside the siatedny surface, and therefore
it does not suffer from shortcomings of the CC model.

The model requires five parameters with a similar physical interpretatiorrasipters of the CC model.
N and\* are coefficients in the Butterfield’s [3] compression law (&) controls the slope of the isotropic
unloading line in thén(1 + e) vs. In(p/p,) spacesp. is the critical state friction angle, which is for triaxial
compression linked directly to the parametérof the CC and 3SKH models through

M
po=sint (3007 ) ®

The last parameterdetermines the shear modulus, which for a gigBfiR depends linearly on the mean
stresgp, same as the bulk modulus does. Due to the non-linear character of théyyasdastic equation,
the parameter is usually calibrated by means of a parametric study, similarly to the parathefehe
3SKH model.

4 Scalar error measure

In order to decrease the subjectivity of the model calibration and in ordesstes the model performance
in the pre-failure regime, a scalar measure of the "difference” betweelelpoedictions and experimental
data has been introduced.

The suitable error measure should reflect differences in both prediotedbserved stiffnesses and strain
path directions. As experiments and simulations are characterised by itlstrtBsa paths, simulation error
is here measured in the strain space. Let the pre-failure part of the gattsbe subdivided intb
increments, each of lengthg = ¢4,/ L. Then, following M&in et al. [14], the simulation error can be
defined as

exp

L
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err(OCR, Gmaz) = (4)

L
3 e
k=1

whereAegZ, andAengn are the measured and predicted strain increment tensors, respectively,
corresponding to th&-th stress increment of siziyq.

In order to demonstrate the meaning of the numerical valuenfit is plotted for two special cases in Fig.
3. First, experiment and simulation with identical strain path directions andelitfencremental
stiffnesses (measured by their ratic= ]\Ae£§;||/|]Aeg;)n|| from (4), i.e.a = Gsim/Gezp = Ksim/Keap,
whereG and K are shear and bulk moduli respectively) are considered. In the deese experiment and
simulation are characterised by identical incremental stiffnesses{), but different directions of the
strain paths measured by the anglen the Rendulic plane of (e, vs. v/2¢,, wheree, ande, are axial

and radial strains respectively). Investigation of (4) revealsdhat= |1 — 1/«| for the first case and

err = |2sin(Av/2)| for the second one (With e = ¢ sim — Ve cap)-

Calculation oferr is complicated by the scatter in experimental data, which becomes important iattests
low mean stresses(high OC Rs). Therefore, for calculatingrr the experimental data were approximated
by smooth curves, namely by polynomial functions of the form

€s = asq™ + csq® + esq .. (5)
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Figure 3: Numerical values efr for experiments and simulations that differ only in incremental stiffnesses
(left) and strain path directions (right).

and
€ = apq®’ + coq™ + evqf“ .. (6)

with coefficientsas, b, ¢, ds, €5, fs . ..anday, by, ¢y, dy, €y, fu . ... INthis way a good fit of experimental
data was achieved, as demonstrated in Fig. 4 for an experiment on kaglinitiasOC' R = 10.
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Figure 4: Approximation of experimental data on kaolin clay@r'R = 10 by a polynomial function for
calculation oferr.

In the present work, for all simulations, ... from Eq. (4) is chosen such th@t,.. = 0.7¢pcqr, Where
dpeak: 1S the peak deviator stress achieved in the particular experiment. The Yaluetberefore
corresponds to model prediction in the pre-peak, medium strain rangiéh@asits value should not be
significantly influenced by localisation of deformation into shear bands. ddusrred mainly in the tests
on illitic clay at higherOC Rs. L in Eq. (4) is taken high enough so it does not influence calculated
(typically, L = 100 was used).

5 Calibration

For the purpose of the calibration of the models we divide their parametersvaigroups. In the first
group are the parameters with a clear physical meaning, which are calibsagtandardized calibration
procedures (e.gg., A*, V). The second group covers parameters whose calibration is rathectsg
and they influence significantly the results of simulation of the shear testd) @tedn a scope of this
study @G, ¢, 7). In the present work, parameters from the first group are calibtesieg a standard
procedures and their values are kept constant for all simulationsnBtaes from the second group are
found separately for differed®C Rs. In order to eliminate subjectivity from their calibration, they are
evaluated by means of minimisation of the valuesaf from Eq. (4).



The initial states of, ¢ ande measured in the experiments were used in the simulations. In addition, the
3SKH model requires to specify the initial positions of the kinematic surfaldesse were aligned to
reflect the stress history followed in the experiments (Fig. 5).
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Figure 5: Sketch of the initial position of the kinematic surfaces of the 3SKHefrfod normally consoli-
dated (A) and overconsolidaed (B) states

5.1 The first group of parameters

Parametersv, \* andx* were found by evaluating an isotropic loading and unloading test, as
demonstrated for the CC model in Fig. 6(a) for the kaolin clay and in Fig.f6¢lhe illitic clay. All
isotropic experiments performed on illitic clay are shown in Fig. 6(b), whichatestrate consistent results
for the slope\* and a certain scatter of the slope of the isotropic unloading line (pararigtédote that

the numerical values of the parametérdiffer in Tab. 2, as they have slightly different physical
interpretations in the three constitutive models. In the 3SKH medealpecifies a bulk stiffness in the
small strain range and it was calculated from an assumed Poisson raticeasitedr modulus, as accurate
volumetric measurements in the small strain range were not available. In the Hi, e slope of the
isotropic unloading line is for highe&?C' Rs influenced also by the non-linear character of the hypoplastic
equation. For this reasor} of the HC model could be considered to belong to the second group of
parameters. However, as it has only minor effect on the predictionseaf $ésts (scope of this study), its
value was kept constant for all simulations.
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Figure 6: Calibration of parameten$, A* andx™* of the CC model for kaolin clay (a) and illitic clay (b).

An approximate average value of the critical state friction angle from ther gx@eriments performed at



low OC Rs (so the results are not influenced significantly by localisation of deformattorshear bands)
was used to calculate the parametifsaand.. (linked via Eq. 3), see Fig. 7(a) for kaolin clay and Fig.
7(b) for the illitic clay.
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Figure 7: Calibration of parameteét (or, alternatively,p.) for kaolin clay (a) and illitic clay (b).

The 3SKH model requires five additional parameters that control thevimeinan the small strain range
and the influence of the recent history, (», m, T' andS). Neither the data on kaolin clay by Hattab and
Hicher [6] nor the present data on illitic clay contain experiments requinethé&r calibration. However,
as these parameters do not influence significantly the results of the simulattbesmedium strain range
for tests with stress history shown in Fig. 5, they were taken over frorardiit experimental studies on
soils with similar mineralogy and granulometry as the soils used for the presduaton. Namely,
parameters evaluated using the tests on Speswhite kaolin by Stallebrass/EmdIP] were considered
relevant for the kaolin clay, and parameters evaluated b§itMa0] using experiments on reconstituted
and resedimented London clay [18] were considered representatitresfillitic clay.

The parameters from the first group used in the present study are sisednarTable 1.

5.2 The second group of parameters

The parameters from the second group, nan&{ZC),r (HC) andy (3SKH), influence significantly the
results of the shear experiments in the pre-failure regime and their calibimBabjective. In order to
eliminate this subjectivity, these parameters were found by minimizing the scedanezasurerr
defined in Sec. 4 (Eq. (4)). The calibration is demonstrated in the casefihe 3SKH model using an
experiment on kaolin clay &C R = 10.

The relation betweearr andey is shown in Fig. 8. The curve has a clear minimum that corresponds to
1 = 2.53. To demonstrate the applicability of the proposed approach to calibratioe aidkels, the
optimised value of), together with two different values, were used for simulation of the expetindich
was used for the calibration (Fig. 9). When both stress-strain diagrdrtharvolumetric response in the
pre-failure regime are taken into account, it may be concluded that theafadutund by optimisation
with respect ta:rr corresponds quite well to the value that could have been chosen by ofeans
subjective trial-and-error calibration procedure.

Parameters andG were found using the same procedure as outlined above, a clear minimamwés
obtained in all cases. The only exception were tests on the illitic clay abl6\iRs, where the change of
the parameters leads to a gradual decreaserofvithout a minimum value.
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Figure 8: Calibration ofy) by means of minimisation afrr for experiment on kaolin clay &C R = 10.
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Figure 9: Predictions of the test on kaolin clay@€' R = 10 by the 3SKH model witherr-optimised
(v» = 2.53) and two different values ap.

6 Performance of the models

6.1 Kaolin clay

The first insight into the performance of the models is provided by the gréyeine the values of the
parameters from the second group calibrated by means of minimisatesnarfe plotted with respect to
OCR. This graph is given in Fig. 10(a), the values of the parameters are ligeohly their maximum
values (e = 9700 kKPa,r e = 1.43, ¥mae = 2.77) S0 the results for the three models can be plotted in
a single graph. Theoretically, if the models can quantitatively predict thaMimlr of soils with different

OC Rs with a single set of material parameters, constant values of the paranteiald ke obtained.

For the CC model, Fig. 10(a) shows a clear trend of decreasing sheatus6twith increasingDCR.

This is clearly consequence of the fact that in the simulated experiments thasmgOC R is linked to

the decrease of the mean strgseo dependency of the parameteion p is however assumed in the used
version of the CC model. Assuming a dependencg @n p would lead to improvement of predictions. A
clear trend in the dependency of the paraméten OC R is observed for the 3SKH model. Unlike in the
case of the CC model, however, the 3SKH model takes into account thenicéloéthe mean stress. In this
respect, predictions by the 3SKH model would be improved if a dependgniog parametey on OCR
was assumed. Last, the hypoplastic model requires high value of the perarfee OCR = 1, and
more-or-less constant valuesrofor higherOC Rs. This suggests that the hypoplastic model should be
calibrated separatelly for normally consolidated and overconsolidated.state

A quantitative response of the models is demonstrated in Fig. 10(b), wheevaltke of the scalar error
measureerr is plotted with respect t& C' R for "ideal” values of the parameters, i.e. the parameters that
correspond to the minimum value efr (parameters from Fig. 10(a)). For these values of the parameters



the 3SKH model leads to the best predictions, followed by the hypoplastithar@C model.
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Figure 10: Parameters, » andy normalised by their maximum values in a given set of simulatipasam.
ratio is equal toG /G a4, for CC model;r /7,4, for hypoplastic modely) /1,,q, for the 3SKH model),
calibrated using therr-minimisation procedure on kaolin clay (a). Valuesaf corresponding to optimised
values of parameters (b).

In practical applications it is not possible to prescribe different valfiesaterial parameters, which lead to
the highest possible accuracy, for each material element. ThereforgdHb) is not fully representative of
the actual model performance. For further evaluation of the perforofabe models, the whole set of
laboratory experiments has been simulated with two sets of material pararmateoptimised for

normally consolidated state© C'R = 1) and one optimised for overconsolidated state€'R = 10). The
corresponding values of the parameters from the second group aab.i@.T

The relationship oérr andOC R for the two cases is plotted in Fig. 11. As expected from the analysis of
Fig. 10(a), for the parameters calibrated®t R = 1 the hypoplastic model performs the worst (Fig.
11(a)). The two elasto-plastic models perform bettergtnehowever, in their case increase WitlC' R,
because the difference of the actual and "ideal” values (Fig. 10{&)tR = 1) of the parameters
progressively increase with increasiog’ R. The advantage of the hypoplastic model is clear from Fig,
11(b), where the parameters were calibratedi6trR = 10. The prediction error of the hypoplastic model
is smallest out of all models and does not depend substantiall(oR (even the error foOCR = 1 is
relatively low, although it is obviously higher than its value from Fig. 11(&}je prediction error of the
elasto-plastic models increase with increasing difference between thé @ctddandOCR = 10. This
demonstrates that the models are not capable of quantitatively corrdittimes of tests at different

OC Rs with a single sets of material parameters. Assuming a dependency of trengiars o) CR as
discussed in the paragraph related to Fig. 10(a) would, however, imfneir predictions.

By definition, the value oérr characterises the model predictions in the pre-failure regime only. Im orde
to evaluate the predictions at failure, observed and predicted peakrfrastgiesp, were plotted with
respect ta)C R. The results were similar for both sets of parameters, Fig. 12 shows tmehefo
parameters optimised fa?C'R = 10. HC and 3SKH models predict the peak friction angles relatively
accurately (HC is more accurate fOC R < 10, 3SKH forOC R > 20). CC model overestimates
significantly¢,, for all states withOC'R > 2. This is a well-known shortcoming of the CC model, caused
by the elliptical shape of the yield surface.

While err gives a convenient quantitative measure of the model performancestra indicate the
source of the prediction error. For qualitative comparison, the strélss parmalised by the Hvorslev
equivalent pressurg’ are plotted forOC R = 10 optimised parameters in Fig. 13. The shape of the
normalised stress paths is predicted relatively correctly by both the HCSiK &odels, while
overprediction ofp, by the CC model is clear. All models, however, overestimate dilation. Normalised
stress paths of all models head towards a unique critical state point, wisctohbeen reached in the
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Figure 12: Peak friction angles, for kaolin clay predicted by the models with parameters optimised for
OCR = 10.

experiments at highepC Rs (Fig. 13 top). A possible reason may be the localisation of deformation in
shear bands at higher OCRs despite using smooth platens and sleadatioesf one in the triaxial tests.

Stress-strain curves fa?C R = 10 optimised parameters are shown in Fig. 14(a). Low prediction errors
by the HC model (Fig. 11) are reflected also in the qualitatively correébpeance shown in Fig. 14(a).
Qualitatively correct predictions with a gradual decrease of the stifaess are calculated also with the
3SKH model. The CC model due to the constant shear modulgises the worst predictions. The
volumetric changes shown in Fig. 14(b) reveal a general trend oéstigration of dilation for higher
OCRs, as already discussed in the previous paragraph. The CC modeltpradiacorrect shape of thg
VS. €, curves, with no volumetric strains in the elastic range (caused by isotrogicélaandp = 0). The
predictions by the two advanced models are in a much closer agreement wetiptrénents. A minor
discrepancy of the 3SKH model is its prediction of dilatant behaviour immediatedy the start of the
shear phase for highC' Rs. On the other hand, hypoplasticity overestimates the initial contraction for
mediumOC Rs.

6.2 lllitic clay

The performance of the models with respect to experimental data on illitic clapeviitudied in less
detail, as lower number of experimental data is available to draw genem@usans. The same
procedures have been applied as in the case of kaolin clay. The pamhate been optimised for

OCR = 1.5 andOCR = 8, for their values see Tab. 2. The dependencgrobn OC R for the two sets of
parameters is shown in Fig. 15.
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Figure 13: Stress paths normaliseddiyfor OC'R = 10 optimised parameters.

As in the case of the kaolin clay, the CC model gives the highest valuss.agfonclusions for the
hypoplastic model from the study on kaolin clay are confirmed. The valuthe @arameter are similar
for OCR = 1.5 andOCR = 8 and also the values efrr are in both cases more-or-less constant for the
whole range ofDC Rs. No significant difference in the calculated valuesof is now observed for
normally consolidated state. The valueeof of the 3SKH model is significantly dependent@d’R. It
gives the best predictions faxC R > 4, for OCR < 2 the values okrr are smaller for the hypoplastic
model.

From the qualitative point of view (Fig. 16) the results are again in agreewitnthe results on kaolin
clay. The two advanced models give better predictions as they repradadiearity of soil behaviour.
For higherOC' R the hypoplastic model predicts more significant initial volumetric contractarazytte
3SKH model, the experimental results are somewhat in between predictitine BgKH and hypoplastic
models. The CC model gives qualitatively better predictions than the same foptists on kaolin clay.
This is due to the fact that the shortcomings of the CC model become moreupieetbat highOC Rs.
The illitic clay was subjected to drained triaxial tests with constant cell pregasropposed to constant
tests on the kaolin clay), so the peak state was achieved at (@@ than in the tests on kaolin clay.
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Figure 14:q vs. ¢4 (a) ande, vs. e, (b) graphs fotOC R = 10 optimised parameters on kaolin clay.

Tests at high initiaDC R were not available for the illitic clay.

7 Limitations of the present work

In the presented evaluation we focus on a specific aspect of the prediapabilities of the studied
constitutive models - the influence of OCR at axisymmetric conditions with giveasspath direction.
The complete evaluation of the predictive capabilities of the models would ectipgir testing under
different orientations of stress paths in the stress space and atlg&éDettaess states. Such an evaluation
has been presented elsewhere:

The first aspect, i.e. directional response, has been studied &p Btaal. [14] who examined the same
constitutive models as evaluated in the present Note. Using the concepterhiental strain response
envelopes they have shown that unlike the CC model, the non-linear modeBntH3SKH) are capable of
predicting correctly the dependency of incremental stiffness on thes gtadis direction.

The second aspect, i.e. response under general conditions, magrbimed by simulations of real
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Figure 15:err for tests on the illitic clay, parameters optimised @€' R = 1.5 (a) andOCR = 8 (b).

boundary values problems. The three models from the present Notbéenevaluated by the simulation
of a tunneling problem in fine grained soils in Reference [12]. Advastagéhe more advanced HC and
3SKH models when compared to the simpler CC model have clearly been deatedstr

8 Conclusions

It has been demonstrated that the well-known shortcoming of the Modifieddzsy (CC) model, namely
the elastic response inside the bounding surface (which coincides witfetdesyrface), is evident from
both the qualitative comparison using the stress-strain diagrams and quanttatiparison using the
scalar error measuegr. The model gives, as expected, worse predictions than the two monecadiva
non-linear models. The predictions of the CC model would be improved if thar shodulugz was
assumed to depend on the mean stpe®., if constant poisson ratiowas assumed instead of constant
G).

The two advanced models (3SKH and HC) give qualitatively similar predictemmboth predict correctly
the non-linear behaviour of overconsolidated soils. A single set of mhpariameters is sufficient for the
hypoplastic model to predict the behaviour of soils with differ@dt Rs (except at the normally
consolidated state) with approximately constant accuracy expressethsdéthe scalar error measure
err. The model is therefore able to predict with a single set of parametersahgelof soil behaviour with
depth through the soil massive, which is desirable for practical applicatidre simulation of normally
consolidated kaolin clay suggests that the hypoplastic model should beatedilzeparately for normally
consolidated soil. This conclusion has, however, not been confirmedabyation of tests on illitic clay.

The performance of the 3SKH model for a single set of material parametess satisfactory in the sense
that the prediction erragrr increases with increasing difference between the acddak andOC'R for
which the model has been calibrated. This observation should be takemraotiond in practical
applications of the model, by assuming different valueg &dr differentOC Rs. Allowing for this
dependency, predictions by the 3SKH model would be quantitatively be#tepitedictions by the
hypoplastic model.

In addition to evaluation of the model predictions in the pre-failure regimeligtexl peak friction angles
have been compared with the experimental results. As expected, the CCsigmifedantly overpredicted
©p at higherOC Rs. This is a well-known shortcoming of the CC model imposed by the elliptical sbpe
the yield surface. Both advanced models gave satisfactory predictibitd) were in a good agreement
with the experimental data.
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A n m T S A n m T S
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Table 2: Material parameters of the second group

model (parameter) kaolin clay illitic clay

OCR 1 OCR 10| OCR 15 OCR 8
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3SKH (parama)) 1.60 2.53 0.33 0.49
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