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ABSTRACT 

In order to predict delayed settlements of heavy structures, the authors decided to use the 
elasto-viscoplastic model of Dafalias-K&kin. To identity the parameters of the constitutive 
equations, they use above all the data of a new in-situ test, the D&press L.D. designed to 
approach the creep behavior of soil. In a first section, the principle of the model is presented. 
Then, the important parameters of the model are identifkd, mostly from m-situ test data since 
the laboratory tests data are not numerous and reliable. Fiily, a study of sensitivity on the 
parameters which influence the vkcoplastic response of the model is made. 

INTRODUCTION 

It is usually rather difficult to predict the long term behavior of heavy structures from 

laboratory test data. In that way, it is interesting to have in-situ tests which are more 

representative of the real state of soil. The problems of remoulding or no realistic tests are less 

important with m-situ tests than with laboratory tests. Furthermore, in order to approach the 

delayed behavior of soils, creep tests are recommended. For these reasonq EktricitC de 

France was prompted to attempt a new in-situ approach to creep testing based on the 

pressuremeter: the Diflupress L.D. (see reference [ 1] to [3]). 
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The purpose of our research concerns the use of in-situ data in constitutive equations in 

order to perform a prediction calculation of long term behavior of heavy structures. This work 

can be shared in two parts. The tist one conccms the parameters identification of constitutive 

equations. The second one relates to the calculation of delayed settlements by using 

constitutive equations, the set of parameters identif% from the first step and the boundary 

conditions of the problem. This paper only deals with the parameters identification of 

constitutive equations. So we present here the use of in-situ tests data to identify the 

parameters of a tridimensional model of behavior which considers a viscous part of the 

behavior. 

The in-situ tests performed with the Difiupress L.D. on nuclear plants sites which present 

notable delayed settlements give us the opportunity for validating our work. Some authors 

already used in-situ tests data performed with the pressuremeter in order to identify the 

parameters of an elastoplastic model of behavior [4]. They also used the Diflupress L.D. tests 

data to identify the parameters of an unidiiensional non-linear viscoelastic constitutive 

equations [S]. 

The identification of parameters from in-situ measurements is currently made from inverse 

equations [a]. This supposes the equations are not too complicated. However, the identified 

parameters are those of elastic linear or non-linear models [7,8]. On the problem of predicting 

long term behavior of heavy structures, one can quote works made on consolidation problems. 

The consolidation equations are inversed and m-situ measurements are used to iden@ the 

parameters of elastic linear [9] and non linear models of behavior [lo]. This paper presents the 

Grst attempt at using m-situ creep tests data obtained f&n the D&press L.D. test to ident@ 

the parameters of an elaato-viscoplastic model Once the parameters identified, a modelling of 

the behavior of heavy structures is planned. The results [3, 1 l] are not detailed in this paper 

but the most interesting data are presented in the conclusion. 

The clayey materials encountered and the notable delayed settlement observed on the 

nuclear plant sites induced the use of the DaMas-Kaliakin constitutive equations. This model 

is an extension of the Cam-Clay model. The plastic limit surface is replaced by a bounding 

surf&e and a viscous component of the response is added to predict behavior due to viscosity 

of clays. The important points of the model will be presented in the first part of the paper for 

the understanding of the difhzrent parameters. 

Several elastoplastic parameters, such as A, K, G or v, M, and pc the preconsolidation 

pressure, are parameters similar to the ones needed by the Cam-Clay model. They are 

determined from laboratory tests data. The other elastoplastic parameters and the viscoplastic 

parameters should be identif%d from htboratoty tests. The identitication is made di&ult by the 

coupling between the elastoplastic and the viscoplaatic responses. It is important to notice that 

some diiculties were encountered in the identification of the d&rent parameters as we used 
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laboratory tests aheady performed. Ind&, it was impossible to perform supplementary 

laboratory tests to confirm the conclusions made from the tests already performed before we 

began our work. So the choice was made to identify the elastoplastic and viscoplastic 

parameters by the in-situ tests data in spite of the dif5culties encountered. The identification 

procedure of the diierent parameters and the dil5cuhies encountered are presented in the 

second part of the paper. Finally, in the third part, a study of sensitivity is made around this set 

of parameters, especiahy around the viscoplastic parameters. In order to model the long term 

behavior of soil, it is worthwhile insisting on the viscoplastic parameters. 

INTRODUCTION TO TEE DAFALIAS-KALIAKIN BOUNDMG SURFACE MODEL 

FOR COHESIVE SOILS 

The DAFALIAS-KALIAKIN Bounding Surface Model is an elastoplastic-viscoplastic 

model for isotropic cohesive soils. It has been developed by DAFALIAS and KALLUUN. The 

details regarding the model have been presented by themselves [ 12, 13, 14, 15, 161. Here, only 

a brief summary is presented. 

This model is developed on the basis of the concept of the bounding surface in stress space and 

within the framework of critical state soil mechanics. The following points are the prominent 

features of this model: 

- the outstanding advantage of the bouting surface concept is that the inelastic 

deformations can occur for stress points within the bounding surface 

- this model considers time related behavior of soils 

- coupling between plasticity and viscoplasticity is included in this model even for stress 

points within the bounding surface 

- it can simulate the behavior of overconsolidated cohesive soils (softening). 

The Bounding Surface Concept 

In classical theory of yield surface plasticity or viscoplasticity, the inelastic deformations can 

occur only for stress points lying on a yield surface (elastoplasticity hypothesis) and those 

outside this surface (elasto-viscoplasticity) [17]. However, experimental results show that the 

instamaneous (elastoplastic) and delayed (viscoplastic) deformations occur simultaneously. 

Thus, the notion of bounding surface instead of yield surface was introduced by DAFALIAS. 
The material state is defined in terms of the stress tensor Uij and proper inelastic internal 
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variables q,, (n denotes the plurality of qa). At any moment, a bounding surface F can be 

analytically defined in stress space. To each actual stress point uU lying within or on the 

surface, a unique image stress point 3~ can be obtained by projecting the actual stress point 

Otj onto the surface with a radial mapping rule (Figure 1). 

projection center 

elastic nucleus 

bounding surface 

FIGURE 1 

The bounding surface is then analytically written as : 

F taij, qn) = 0 (1) 

The distance S between cij and ifij serves to determine the relation between the plastic 

modulus K, (associated with U$ and the ~OWXZ@ pla~tk IDCKWS K, (tisokted with ~?I). 

K, and Kt, are used to calculate the inelastic deformations. Thus, inelastic states are not 

restricted only to stress points lying on the surface. This is, in tact, the essence of the bounding 

surface concept. 

The radial mapping rule is : 

Oij = b (Uij _ aij) + aij (2) 

where aij is the projection center. b (b 2 1) depends on the internal variables. 
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The direction of inelastic loadii-unloading is defined as the gradient of F at i?i 

In fact, the plastic deformation (coupled with viscous deformation) is obtained by : 

where L is strongly dependent on the plastic modulus K, determined by : 

KP = EP + ii (r _6sp*) (4) 

where: - K, can be deduced Corn the consistency condition P = 0 

- ti denotes a proper scalar hardening &r&on. 
- r is the distance between aij and Cij 

- b is the distance between hi and Qij 

- both r and 6 can be calculated easily in the stress space I-J (I: the first e&ctive stress 

invariant ; J: the square root of the second deviatoric stress invariant) 
- S, is a parameter of the modeI, it defines an elastic nucleus (Fig. 1). 

To have an insight into the role of the bounding stn%ce concept and the notion of the elastic 

nucleus, we can analyse the equation (4). 
IfSsO, UqcoincideswithZij,wehaveKP = R,. 

If0 < 6 e r/Spand~isnotapproachinginfinity,wehaveKp > Kp(withKp+ aoas 

6 + r/S,). 

If b 1 r IS,, K, becomes in&rite and, therefore, a purely elastic domain around the 

projection Center a1 is defined. We cdl this domain the “ebtk rmcleus”. That is to say, when 

the stress points enter into the elastic nucleus (6 2 r/S,), there are not any inelastic 

dekrmations. 

The Formulation of the Modd 

Here we give only a brief summary of the formulation used for isotropic cohesive soils 

(which has been implemented in our Fiie Element code LAGAMINE [ 181). 

The material state is defined by the effective stress Uij and a single internaI variable e’ 

(melastic void ratio) which measures the inelastic change in vohrmetric strain 
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The effective stress ati is related to the total stress u$ and to the pore fluid pressure u by: 

0; = (rij + $u. 

The model is developed in the space of stress invariants I and J, and the “Lode” angle a. 

These invariants are given by : 

I = uu = Ul] + 622 + U33 

J = ;S,S, withSij 
J 

= Uij 

’ . = Sin -1 ‘fi a - 

3 
[ - ’ 3 

2 
01 - with-f _#a <f 

J 6- -6 

1 

where 1 S = (+ Sij Sjk Ski)? 

The bounding surface is therefore defined by : 

F(i, 5, a, ei) = 0 (5) 

Figure 2 shows a meridian section of the surface (Le., for a given value of a). 

The boundiig sufice is composed of two ellipses and one hyperbola; the equations of 

which wiIl not be presented here (see reference [ 12,191). In the deviator& pfane, the boundiig 

surface is depending on the Lode angle, allowing to define accurately the friction angle on 

triaxial compression and extension stress paths. 

Jn equation (5), I, r refer to stress states on the boundiig surf&e and are related to the 

actual stras states J, J by the mdial mapping de : 

i = b(I - CI,) + CJ, (6.1) 

gj = bSij -a 7 = bJ, Z = a, S = bS (6.2) 

The value of b (b 2 1) is deduced by substituting r and T from equations (6.1.) and (6.2.) 

into equation (5) and solving for b. Jo denotes the intersection of the bounding surface with the 

positive I - axis and is a measure of the preconsolidation history of the soil. C (0 s C < 1) is a 

material constant. 



summit of hyperbola 

FIGURE 2 - Schematic illustration of the radial mapping rule of the bounding surke in 

stress invariants space 

The Response of the Model 

In the model, the total strain rate is additively decomposed into an elastic and an inelastic 

part, the later consisting of a delayed (viscoplastic) and an instantaneous (plastic) part. It 

Mows that : 

In the aame way, the internal variable e’ is also decomposed into two parts: a delayed and an 

in&antaWolls parts : 

(8) 

Each part of the total response will be illustrated briefly below: 
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The elastic strain rate is given by : 

and 

ciW = 

in which the elastic bulk modulus is defined in the following manner 

K = +‘((I - I,) + II) 

(9.1) 

(9.2) 

(9.3) 

The elastic shear modtdus G is calculated from K and a constant Y (Poisson’s ratio). The 

elastic response is non-linear. 

To determine the viscoplastic response, another similar elastic nucleus was defined in 

association with Ci (Fig. 2). This requires the introduction of another parameter S, in the 

formulation. The viscoplastic rate equation is based upon the dasticJviscoplastic theory of 

PEFZYNA [20]. A normal&d overstress A$ is defined in the following manner : 

A; = 
i 

(IO) 

i and r are shown in Figure 2. The viscoplastic response is then given by : 

(11.1) 

-v = e - (1 + eh) Sk (11.2) 

where #B represents a proper scalar function of A;. The following form of 4 has been used: 
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Q=$(A,)n ifAi >O (12.1) 

d=O if A& (0 (12.1) 

In fact, for stress state points associated with the condition b > r / S,, (i.e., the stress state 

points situated within the elastic nucleus for viscoplastic response, EN1 in Figure 2), equation 

(10) yields Ai < 0, thus implying no viscoplastic responses. 

In the above expression, 

n represents a model parameter ; 

9 is a *viscosity tin&on” and given by : 

(13) 

where V is a parameter of model. The parameter N (= -$ which is a function of 01, de&s 

the slope of critical state line (CSL) in stress invariants space. M represents the slope of CSL in 

stress space p - q with 

The ulastic resoonse 

It is given by : 

B = -(l + eo)i& 

where the loading index is defkd by : 

(14.1) 

(14.2) 
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The partial derivative with respect to an invariant is denoted with a comma followed by the 

symbol of the invariant as a subscript. 

This expression for L shows the coupling between plastic and viscoplastic hardening for 
states on and within the bounding surface. The plastic modulus K, has been presented before 

and the bounding plastic modulus K,, can be obtained by : 

where A, K are the slopes of virgin consolidation and swe&kcompression lines in (e-m p) 

space. 1, represents a transitional mean normal stress at which a consolidation curve changes 

Corn linear in (e-In p) space to linear in (e - p) space. It was introduced into the formulation to 

avoid the numerical errors when I + 0 (resuhing Corn excessive material sofkning) or 

ICI -P > 0 (during a dilatational process for which the bounding surface contracts). ep 

represents the initiai void ratio. 

The hardening rule 

The bounding surface is assumed to undergo isotropic hardening. The hardening is 

controlkd by a single internal variable e’ given by : 

ei = -(I + eo),& 

= -(I + e&)(Ef&, + i&) 
(17) 

The evolution of the bounding surface is related to the value of 4 (Fig.Z), it follows that : 

dI, = < 4 - I, ’ + I, 
de’ - h - K 

substituting (17) in (18), we have finally : 

(18) 

(19) 

It is noted that : 

if d.& > 0, dI, > 0, the material undergoes “hardening” 

if de& < 0, dl, < 0, the material undergoes “softening”. 



A&r suitable manipulation, the constitutive relations in reverse form can be written as: 

5, = D.. i 
qklkl -Yj (20) 

For integrating the constitutive relations, we have chosen the so-called method “8 point 

method”. To obtain more accurate results, the integration time step At is divided into N sub- 
steps &. The sub-steps size, computed as the strain increment !A.+$ is constant and chosen by 

USer. 

For each sub-time step dl, integration of Eqs (20) and ( 17) are expressed as 

4&I + B dt) = Q&I) + Cqr).edt 

@(I +edt) = i’(1) + &‘(I).8 dt 

a&I + 1) = a&I) + i&I + edt).dt 

#(I + 1) = ii(I) + $(I + 0 dt). dt 

(21) 

(22) 

where 

I denotes the sub-time step number 

8 is a numerical parameter which takes the value between 0 and 1. UsualIy, we take 8 > 0.5 for 

the reason of numerical stab@. 

To have a clear outlook on the meaning of model parameters, we make a brief outline of them 

in Table 1. 
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TABLE 1 The Meaning of the Model Parameters 

I ISymboll Definition I 

bditional 

I xirameter s 

! surface 

c w@uration 

I wameters 

Vkxplastic 

parameters 

Hardening 

parameters 

T Controls the size of ellipse 2 

S, Elastic zone parameter related to plasticity 

C Defines the projection center along Z-axis 

m Control the degree of plastic hardening (or sotkning) 

hc 

h, 
Sv Elastic zone parameter related to viscosity 

V Parameters introduced in the formulations to 

Initial state 

parameters 

n calculate the viscoplastic responses 

q,, Initial void ratio 

Pc Preconsolidation pressure 

IDENTIFICATION OF TEE PARAMETERS 

To our knowledge, the Dafklias-Kalii model has been used with parameters identified 

from laboratory tests [ 12,191 such as oedometric tests, biaxial tests and creep tests, as far as 

the viscoplastic parameters are concerned. In this paper, the will is to use in-situ tests rather 

than laboratory tests. Indeed, the laboratory tests in our possession are not conclusive and 
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cannot be performed again, so the preference is given to the in-situ tests [ 111. Nevertheless, 

some parameters can only be determined from laboratory tests whereas others can be identified 

either from laboratory or in-situ tests. It is why the parameters are classified in four categories, 

as showed in Table 2. The first one concerns the parameters that are encountered in a Cam- 

Clay basic model: they are called, in this paper, “CamClay parameters”. They are determined 

directly from classical laboratory tests data. The second category inchrdes the other 

elastoplastic parameters which do not intIuence the viscous soil behavior. They are obtained by 

identification from laboratory tests and called, in the following, “elastoplastic parameters”. The 

third category relates to the viscous parameters or the parameters which highly intluence the 

viscous behavior. Those parameters are presented here as the “viscoplastic parameters”. They 

are identified with the Diflupress L.D. test. This part of the identification is made di5cult by 

the fact that the modelling of the Ditlupress L.D. is indeed a boundary value problem. The 

Diflupress L.D. is not an homogeneous test and the followed stress paths are not as simple as 

the one followed in a triaxial test. 

After ail, the Da&has-Kalii constitutive equations use effective stresses, as usual. With 

the finite element code used (LAGAMiNE, [ 17, 2 11) it was possible to do a simulation with 

coupling between the mechanical law and the Darcy law. In the case of the Diflupress L.D. 

model@, it is necessary to introduce a new parameter, the permeability since the test is 

performed under the level of the phreatic line. This parameter is determined from the classical 

laboratory method used to evaluate the permeability of soil 

TABLE 2 Model Parameters 

, 
Parameter 

“Cam-Clay parameters”. Determination 6om 
laboratory tests. 

“Elastoplastic parameters”. Identification from 
laboratory tests. 

%R,n,%*V “Viscoplastic parameters”. Identification tiom 
Difiupress L.D. in-situ tests data. 

permeability k Determmation 6om laboratory tests. 

This paper presents a work made about the nuclear plant site of St-Laurent des-Eaux in 
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France. A campaign with the Dillupress L.D. apparatus was made on this site in 1989. At this 

time, few laboratory tests were performed on samples extracted close to the implantation of 

the tests done with the Diflupress L.D. Those laboratory tests present some contradictory 

results so it was decided to check the data of this campaign with the laboratory tests data 

performed during a previous campaign, in 1978, before the beginning of the nuclear plant 

construction. For this campaign, the experimental curves are not in our possession, only mean 

values for the geotechnical characteristics are given. So for the parameters identification, only 

the experimental curves from the campaign of 1989 could be used. For the determination of the 

“Cam-Clay parameters”, a comparative study was made between the results of the two 

campaigns. When contradictory data were encountered, a preference was given to the first 

campaign (1978) because the samples and tests performed were more numerous. 

In the following, the values kept for the “Cam-Clay parameters” are justified. The 

“elastoplastic parameters” and their inIluence on the response of the model are presented. One 

of the “viscoplastic parameters” greatly influences the response of the model under triaxial 

solicitation. It is Rc. But the adequate value for the Diflupress modelhng is diierent from the 

one for the triaxial modelling. So the set of parameters for the triaxial tests and the influence of 

a variation of Rc are presented in the third section. Finally, the set of parameters identified 

from the Ditlupress L.D. modelliig is presented, as well as some choices made for the 

modelling. 

The Diflupress L.D. test is modelled by an horizontal soil section which radius is about 3 

meters long. A study of sensitivity made on the size of the concerned soil mesh showed that the 

radius we chose is acceptable [ 1 I]. All the results presented in this paper are obtained with this 

reference mesh. Furthermore, the assumption of ax&metric state is made and in the direction 

of the axisymetric axis, plane strain is considered (zero vertical strain). At the external radius of 

the mesh, the nodes are blocked (zero displacements). 

“Cam-Clay Parameters” 

Two laboratory tests are required to evaluate the “Cam-Clay parameters”. h and K, the 

slopes of virgin consolidation and swell/recompression lines in (e-m p) space are determined by 

oedometric tests. Cc and Cg have the same signification than A and I( respectively but in that 

case, the oedometric curves are drawn in a (e-log p) diagram. 

The fiction angle 4~ (or the slope of the critical state line M in the diagram (p-Q)) is given by 

triaxial tests in compression. 

The Poisson’s ratio is calculated from the curves of voh_imetric strain versus the axial strain 

obtained from triaxial tests data. 



The values of X (or Cc) are rather scattered and vary from 0.0525 to 0.18 1 (or 0.12 1 to 

0.417). Data obtained from tests performed before the construction of the nuclear plant give a 

value of X varying between 0.0434 (0.10) and 0.065 (0.15). Faced with ail theses different 

values, we preferred to obtain h from empirical expressions with the liquid limit of Atterberg, 
such as the following one: C, = 0.007( wL - 7). This expression is validated for remoulded 

clays and was proposed by Azzouz et al. [22]. The mean value obtained from this empirical 

expression is 0.3 for Cc (which corresponds to 0.130 for X). In the following, this value is kept 

for all the calculations with the model. The vahtes of K (or Cg) are also scattered but cannot be 

compared with the ones obtained before the construction. It is usual to suppose the vahte of K 

represents S to 10 % of the value of X. It would be 0.013 in our case. But, by analogy with 

other soils, a value of 0.0217 (which corresponds to 0.05 for Cg) is taken. However numerical 

experimems [ 151 show that this parameter has a small intluence on the results of the Diflupress 

and triaxial modelling. 

From the oedometric tests, the initial preconsotidation pressure is also determined. This 

value is necessary since it establishes the initial intersection of the bounding surface with the 

positive I axis (b). I. is a state variable which evolves with the hardening rule. The 

preconsolidation pressure, as for h and K, presents values scattered between 90 and 2000 kPa. 

These two extreme values are not representative. The mean value, except the extreme values, 

is about 130 kPa. The tests data before the construction give a mean value of 500-600 @a. 

They are more numerous and the mean value is more representative so a value of 500 kPa is 

kept for the preconsolidation pressure (I, = 1 SO0 kPa). 

An essential parameter of the model is the slope of the critical state line in the (p-q) 

diagram. The critical state line highly influences the shape of the bounding surface. This 

parameter is called Mc in compression and is directly related to the friction angle & by the 

following expression: 

The tiiction angle & is calculated from the value of q at rupture. From a sample to another, 

& varies, so only the sample the depth of which is the closest to the Diflupress L.D one is 

considered. The three triaxial tests give, for this sample, a friction angle of about 55’. This 

value is too important for the considered clay. The first two triaxial tests correspond to 

overconsolidated samples. The preference is given to the test which corresponds to a sample 

normalIy consolidated. The fiction angle is taken equal to 370 and the value of M, is then 1 .S. 

The value of 370 is still important, in comparison with the E-&ion angle (339 obtained from 

the tests performed before the construction of the nuclear plant. 



Fir&y, the Poisson’s ratio is determined from the curves of volumetric strain versus the 

axial strain given by triaxiat tests data. From all the results, the values are quite scattered and a 

value of 0.3 is held that corresponds to the triaxial test normally consolidated at the depth of 

the Diflupress L.D. 

“Elastoplastic Parameters” 

In this section, the other “elastoplastic parameters” are presented. In the Dafalias-KaIiakin 

modeI, there are parameters in extension determined or identifkd 6om extension tests. 

Unfortunately, the tests in extension are unusual so the extension values of the parameters are 

fixed. 

The first elastoplastic extension parameter is the slope of the critical state line in the (p-q) 

diagram in extension, Me. Without any extension tests data, the ratio between Me and Mc is 

taken equal to 0.95. Since we do not have any extension tests data, the complete identification 

of a tridimensional model is not possrble. Nevertheless, all the identification of parameters is 

performed with this value because a numerical study showed the stress path followed near the 

Diflupress probe is very close to the compression line. Furthermore, a variation of the ratio 

Me/& with a decrease of Me keeps the stress path close to the compression (Cf. 5 Influence 

of Some Elastoplastic PammeteR). 

The “elastoplastic parameters” which do not influence the viscoplastic response are Sp, C, 

Ac, A, T, hc and he the hardening parameters. The parameter C determines the projection 

center for the radial mapping rule. In our case, it will be kept fixed to the default value of zero 

[ 121. The parameter Sp determines the size of the elastic nucleus for the elastic response of the 

model Its value will be kept fixed to the default value of 2 [ 121. The parameters A,-., A, T 

determine the shape of the bounding surface which corresponds to the soil behavior in the 

overconsolidated domain. This part of the surface is made of an ellipse and an hyperbola. 

The parameter A, (and A& influences above all the response of the model for a highly 

overconsolidated sample, i.e. for the first triaxial test of which the confinement pressure is of 

100 kPa. In the case of the tests with the Diflupress L.D., the behavior of the soil is close to 

one of a normally consolidated clay. So the value of A, is kept to its default value, i.e. 0.1 

[la 
The three parameters A,-, A, T have no infh~ence in the modelling of the Diflupress L.D. 

test so they are kept to the default value [ 121. Finally, the hardening parameters hc and he have 

no great influence on the triaxial modelling [ 111 but it will be seen later the value of hc 

identified from the DitIupress L.D. modelling by trial and error procedure is dierent from the 

one identifkd from the triaxial tests data. Indeed, a ditlkrent value of h, allows a best fit of the 
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beginning of the expe.rimentaI curves obtained from the Diflupress L.D. test. But we wiII see 

later that firstly we are not sure of the beginning of the cures and secondly the most 

interesting part for the viscous behavior is the end of the cures. In this case, the study of 

sensitivity (Cf. 6 Intluence of Some Elastoplastic Parameters) will show the parameter hc 

does not influence a lot the Diflupress L.D. modelhng. 

!3et of Paramettn for the Triaxial Tats 

The set of parameters obtained afler several attempts is presented in Table 3. The frrst part 

of the identification work only concerns the triaxial tests. Those laboratory tests do not involve 

a viscous behavior so the viscous parameters are not presented. However, the parameter R, 

(and Be), which is classified in the “ViscopIastic parameters”, is firstly identitied from triaxiaI 

tests data. Indeed, this parameter is essential because it determines the shape and the size of the 

entire boundiig surface. It determines the position of the first eIIipse, i.e. the part of the 

bounding surface that corresponds to the response of the model for a normahy consolidated 

soil. In fact this parameter was identified first from the t.riaxiaI tests data and second from the 

Diflupress L.D. test. As it will be seen Iater, the two values of Rc are diem. In this section, 

the influence of Rc on the triaxial tests modelling is shown. 

TABLE 3 Set of Parameters (Set 1) Obtained by Identification from TriaxiaI Tests 

Io=1500kPa eini = 0.9576 x=0.130 K = 0.0217 I$= 1.5 

‘h4JMc = 0.95 Be= 1.5 Be&=1 A,=l.O &?&=l 

T=O.l sp=2 c=o hc=20 he&=1 

On Figures 3 and 4 the resuIts of the simuIation of the triaxiaI tests for the deviator and the 

volumetric strain versus the axial strain are presented, with the set 1 of parameters. This set is 

exclusively identified from triaxial tests data. 
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-200 kPa 

Axial strain (a) 

FIGURE 3: Deviator versus the axial strain 
triaxial tests, set 1 

TIGURE 4: Vohtmetric strain versus the axial 
strain triaxial tests, set 1 

On Figures 5 and 6, the intkence of small variations of Rc is shown on the deviator and the 

volumetric strain versus the axial strain for the triaxial test at 400 kPa of confinement stress. 

Furthermore, when R, increases, the size of the ellipse decreases (Figure 7). The smaller is the 

bounding surface, the slower the final levels of the curves of deviator or volumetric strain 

versus the axial strain are reached. That means that the test has to be performed longer so that 

the stress path cuts exactly the critical state line and the bounding surface at the same point (no 

more hardening, d.& = 0). When there is no hardening, then the iii state of the test is 

reached. For the v&e of Rc equal to 1.5, the level for the two last triaxial tests is reached for 

values of avial strain close to the ones measured experimentalty 
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FIGURE 5: Influence of R,-, deviator versus 
the axial strain, triaxial test at 400 kPa, set 1 

Axial strain Cd 

FIGURE 6: Influence of Rc, volumetric strain 
versus the axial strain, tria.xiaI test at 400 kPa, 

Furthermore, the elastic nucleus for the viscous response of the model is homothetic to the 

bounding surface. When the bounding surface decreases, the elastic nucleus decreases as wetI. 

The distance between a stress point and the elastic nucleus varies and influences the viscous 
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response of the model. This intluence will be seen in the next section when identifying the 

viscoplastic parameters with the results of the Diflupress L.D. 

“Viscoplastic Parameters” 

It was diicuh to correctly iden@ the parameters from so few laboratory tests data. There 

also was some contradiction between the biaxial tests data and the Diflupress L.D. test data. 

To correctly model the D&press L.D. test, some parameters were changed, especiaUy the 

parameter Rc because it influences the viscous response. The use of the in-situ tests data 

reduces the problems of representativity of laboratory tests, remoulded or non homogeneous 

samples which can be encountered. As previously said, the ditliculties are more important 

because the modelling of the D&press L.D. test is a boundary value problem. 

The set of parameters presented in Table 2 does not give good results for the simulation of 

the D&press L.D. test. Faced to that problem, ah the parameters were chosen to fit web with 

the Diflupress L.D. test data (except the “Cam-Clay parameters” already fIxed). The new set of 

panuneters is presented in Table 4. 

This set is obtained by trial and error procedure. It is the fkst approach we used to identify 

the set of parameters. One can remark the value of the parameter Rc is very different in the 

two sets of parameters. Actually, the value obtained on the basis of the in-situ data is not 

appropriate to fit the taboratory data. But there is a conflict between the good fitting of the 

laboratory data and the good simulation of the Diflupress L.D. tests. Probably, the elasto- 

plastic part of the chosen model is not well adapted to the studied soil. Since we do not have 

enough laboratory data and we cannot make more expeknents, the priority is given to the in- 

situ tests data and to the modebing of the viscous behavior of soil. 



TABLE 4 Sets of Parameters Obtained by Identification Corn Triaxial Tests (Set 1) and from 
the DiRtpress L.D. Test (Set 2). 

n= 12 

The basic principle adopted in the Diflupress L.D. tests fl] consists of performing creep 

tests in-situ by means of an inflatable probe, as used in a classical pressuremeter test. The 

innovation stands in the possibility to carry out a fblly autonomous and automatic test during a 

very long period (several weeks or months). The pressure in the probe is applied by a gravity 

loading system made up of lead plates which build in a constant force on a piston by means of a 

pulley block. The length of the probe is of 97 cm and its initial diameter is of 60 mm. The 

testing process is the following. The injection tap is opened: the constant gravity-induced 

pressure is instantly transmitted to the probe, which begins to inflate and the evolution of the 

injected volume with the time is recorded. Three successive levels of loading are carried out by 

increasing the pressure, without emptying the probe. The pressures applied to the probe, after 

usual corrections of inertia and hydrostatic pressure, are 400,495 and 600 kPa On Figure 8, 

the experimental loading which causes the creep is shown. It is deduced Corn the applied 

pressures by subtracting the soil pressure at rest [3,11]. The diagram shows that the loading is 

made instantaneously by adding one or more lead plates. The load is sudden and presents a 

discontinuity. On a practical way, the equipment reacts to this sudden load so it is di&ult to 

know what is really measured during the first minutes. The beginning of the curves can be then 

neglected. This point of view is reinforced by the fact the measures during the first minutes are 

taken manually. A lot of measures have to be made at the same time and the lecture can be 

imprecise. 
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Gn Figures 9, 10 and 11, the experimental and numerical curves for the three levels of 

loading of the D&press L.D. test are presented. The shape of the experimental curves varies 

between the fkst level of loading and the two other levels. The change of shape of the 

experimental response was not explained. The Dafahas-Kaliakin model reproduces the shape of 

the tirst step for the three loading steps. 

_ 
i!- 

25 

- 

1 
‘I 

Tie l 10’ minutes 
FIGURE 8: Experimental loading for the 

Diflupress L.D. tests 

The simulated loading is quite difbzrent from the experimental loading. It is Simulated by a 

gradual increase of the load on a finite duration. In the modelling, the loading is then simulated 

by a finite rate whereas the expetkemal loading is sudden. This choice is made in order to 

avoid any problem of convergence. A study on the influence of the rate of loading shows the 

second part of the curves is not mod&d [ 111. 

Since 

- the experimental measures in the f%st minutes are rather imprecise, 

_ the logarithmic scale dilates the first minutes of the tests whereas they present a 

small part of the total duration of the test_ 

- the numerical rate of loading does not influence the second part of the curves, 

- the important point in the shnukion is to approach as best as possible the slopes 

of the second part of the curves since this second part corresponds to the creep 

part of the soil behavior, 

the first part of the numerical and experimental curves is omitted (Figures 12 to 14). 

The part of the curves presented corresponds to a constant load. 
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FIGURE 9: Numerical simulation of the tirst 
eve1 of loading with the Diflupress L.D., set 2 
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TGURE 11: Numerical simulation of the third 
.evel of loading with the Diflupress L.D., set 2 
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FIGURE 10: Numerical simulation of the 
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FIGURE 14: Curve without the part of loading, 
third level, set 2 _ 

It is rather difficult to fit the three experimental tunes with the same set of parameters For 

the first curve, the reason of replacing the soil can be evoked. For the last curve, the difficulty 

can result of the fact the applied stress is relatively close to the limit pressure of the soil at this 

depth. A numerical simulation of a classical pressuremeter supports this assumption. It is the 
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reasons why we chose to identity the parameters with the second curve of the Diflupress L.D. 

test. When studying the influence of the parameters, most of the time the results obtained for 

the second level of loading will be presented. 

STUDY OF SENSITIVITY 

The shape of the experimental curves can be shared in two parts, as said previously. The 

second part can be approached by a straight line in the logarithmic scale. It is possible to 

evaluate, for each experimental curve, the slope of the approached straight line. This slope is 

expressed in cm3 per decade since the curves are drawn in variation of volume versus time, in 

a semi-logarithmic diagram. In the same way, the numerical curves present a part which can be 

approached by a straight line. The numerical slope can be calculated. The influence of 

parameter variation may be character&l by the comparison of the experimental and numerical 

values of the slope of the second part of the curves, for the same time duration. 

As said previously, a new parameter is introduced in the modelling of the D&press L.D. 

test, the permeability. It is experimentally determined from laboratory tests and is not precisely 

known so a study of sensitivity around the different possible values of permeability is made. 

Starting from the set of parameters of Table 4, the parameters vary one a&r the other. The 

parameters can be shared in two groups: the “elastoplastic parameters” and the viscoplastic 

parameters. Si the slope of tbe second part of the curve is the important thing to obtain the 

viscoplastic parameters are essential. However, the influence of some elastoplastic parameters 

is studied then the intknce of the viscous parameters. 

Influence of Permeability 

A problem encountered is the determination of the permeability. The measure of 

permeability for the nuclear site was made with laboratory tests and the value varies between 

lo-6 m/s and lo-lo m/s. So the influence of the variation of permeabiity was studied by 

performing calculations with three values of permeabiity (106, lo-* and lo-lo m/s). The 

results of the simulation are presented on Figures IS to 17. The higher is the permeabilii, the 

faster the second part of the curve (creep part) is reached. Fmthermore, for the permeability of 

lo-lo m/s, the quasi linear part of the curves is reached at the end of the experimental time. 

This calculation allows the validation of the Ditlupress L.D.: for the assumed permeability of 

the soil, the duration of the test is sufficient. On the contrary, ifthe permeability of soil was of 

l&lo m/s, the duration of the tests with the Diiupress should be larger. 
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FIGURE 15: Influence of the permeability, 
first level of loading, set 2 
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Influence of Some Elestoplastic Parameten 

The essential part of the curves of the Diflupress L.D. test is the second part of the curves, 

that presents a shape close to a line. A best approach of the slope of the second part of the 

curves is then required. Then, when studying the influence of parameters on the simulation of 

triaxial tests, it appears that several of them are influent for samples highly overconsolidated. 

For the Diflupress L.D. test, the soil is slightly overconsolidated, indeed normally consolidated 

So we choose not to modii those parameters since they do not influence the response of a 

normally consolidated soil. Since the “Cam-Clay parameters” are fixed from laboratory tests 

data, there are few elastoplastic parameters to modii. The parameter C which determines the 

center of projection for the radial mapping rule is fixed to zero because its variation only 

influences the response of soils overcunsolidated. The parameter Sp which determines the size 

of the elastic nucleus for the plastic response is also fixed because its variation only influences 

the beginning of the loadiig, when the stress points are into the elastic nucleus. As a matter of 

fact, the influence of the hardening parameter hc and the intluence of the ratio between & and 
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M, are tested. 

Previous!y, the parameter Me was said very high for the soil considered. But its value was 

taken without any information on its possible value in extension. So a calculation with a 

different value of the ratio between & and Me was performed (0.80 instead of 0.95). When 

decreasing the value of the diction angle in extension, the slope of the second part of the curve 

is increased, that is not the wanted effect (Figure 18). Furthermore, the study of the stress path 

in the deviatoric plane, for a stress point dose to the Diflupress probe, shows that the 

difference between the two paths is not important (Figure 19) and the stress path is always 

very close to the compression phase. Even ifthe value of the friction angle in extension is very 

high, all the identification will be performed with this value (ratio M$M, equal to 0.95) 

because the stress path is still close to the compression phase. The set of parameters identified 

with this value of the ratio gives interesting results for the slope of the second part of the 

curves. 

Second level of lmding 

5 01 ““’ - “.“.A ““““’ 

0.1 1 10 100 1000 1000010000c 

Time (min) 

1 * 1: Me/Mc=O.95 

o 2: Me/N%).80 

, 
TIGURE 18: Second level of loading, influence FIGURE 19: Projection of the stress paths on 

of the ratio Me/Me, set 2 to the deviatoric plane 

The hardening parameter h, is modified 6om its value of 4 to the value of 20 (value 

identified with the triaxial tests). This variation does not influence a lot the slope of the second 

part of the curve (Figure 20). For the second level of loading, the slope changes from 201 cm3 

per decade to 222 cn? per decade whereas the experimental slope is about 195 cm8 per 

decade. Tbe default value advised by Kaliakin et al. [ 121 is 10 and this value will give a value 

for the slope between the two values previously mentioned. Fii, the hardening parameter 

does not really influence the second part of the curves. 
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Time (min) 

FIGURE 20: Second level of loading 
1 influence of the hardening parameter h,-, set 2 

Influence of Viscoplastic Parameters 

In this part, the particular case of the parameter Rc is treated because it has a great 

influence on the viscous response. It was classified as a viscopiastic parameter in a large extent. 

Previously with the triaxial tests, the required value for Rc was 1.5 in order to have a 

important siie tir the bounding surface. In the case of the modelling of the Diflupress L.D., the 

required value for Rc has to be more important in order to have a smaller size for the bounding 

surface. Indeed, on the condition that Sv is fixed, the elastic nucleus for the calculation of the 

viswus response directly depends on the size of the bounding surface since it is deduced from 

it by homothetie. The smaller is the surface, the smaller is the nucleus and most of the real 

stress points can be outside the nucleus. In this case, the response of the model will be 

essentially viscous. The essential influence of the parameter Rc is well illustrated on Figure 21. 

For the value of Ftc equal to 1.5, there is no more deformation a&r the loading and the creep 

slope of the second part of the curve is very close to zero. The viscous response of the model 

is non-existent. When decreasing Q, the apparition of the viscous response is delayed If Rc is 

too small, all the stress points are into the elastic nucleus. Even if the stress path varies and the 

bounding surface grows by hardening, the elastic nucleus grows as well and the stress points 

stay into the elastic nucleus. It is clear that the shape- parameter Rc has to be identified at the 

same time as the viscous parameters since it influences a lot the viscous response. 
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FIGURE 2 1: Second level of loadii 
intluence of the shape parameter Rc, set 2 1 

There is three other &cop&tic parameters in the DafXias-Kahakin model, the parameters 

!&Vandn. 

The first parameter Sv determines the size of the elastic nucleus for the viscous response of 

the model. The farthest from the elastic nucleus is the stress point, the more important is the 

viscous response. The size of the elastic nucleus can vary with the size of the bounding surfkce 

as said above but the size can directly vary in changing the value of S,,. When Sv is equal to 1, 

the elastic nucleus is reduced to the center of projection of the radial mapping rule. If Sv 

increases, the size of the elastic nucleus also increases. The cures obtained for different values 

of Sv (Figure 22) are rather close to those obtained for the variation of Rc. For a value of Sv 

equal to 3, there is no more creep slope and the viscous response disappears. 

The second parameter V determines the viscosity function V based on the following 

relation V = V 
-J 

{4 I} iG. 
For the same vaJue of the deviator, the viscosity fbnction is more 

important if the parameter V is bigger. In this case the viscous response of the model is 

weaker. On the curves presented in Figure 23, a “delay” of the viscous response can be 

observed when V increases. Nevertheless, there is always a viscous response but it is necessary 

to reach deviators more important in order to obtain the creep slope. If the creep slope is 

calculated when the “linear” part of the curves is reached, when V ixmases, the creep slope 

decreases. But for the simulation, it is important to reach the second part of the curves at the 

same moment as the experimental curves. Jndeed, for these last ones, the creep part of the 

curves is rapidly reached and the value of V which allows to reach the creep part as rapidly is 

6.106 kPa.s. 

Finally, the last viscophtstic parameter n directly influences the slope of the second part of 

the curves. Indeed it appears in the relation 4 = + (ti)“. n intluences the value of the 

viscous strain which depends on the position of the real stress point in relation to the elastic 
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nucleus for the calculation of the viscous response. When the overstress & I 0, the viscous 

strain is nil. Furthermore, the overstress can be equal to a maximum of 1 (the real stress point 

is on the bounding surface with its “image” stress point). So when the parameter n increases, 

the viscous strain decreases, for a same state of stress. This point is illustrated by the simulated 

curves presented in Figure 24. For a small variation of the value of the parameter n, very 

important variations of the value of the creep slope are noticed. In Table 5, the different v&es 

obtained for the creep slope for the variations of the parameters V and n are summarised. 
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TABLE 5 Values of Creep Slope from the Variation of the Parameters V and n, for the 
Second Level of Loading of the D&press L.D Test. 

parameter V creep slope 

V= 6.106 kPa.s 197 cm3/decade 

V= 6.107kPa.s 168 cm3/decade 

parameter n 

n=8 

n= 10 

creep slope 

297 cm3tdecade 

237 cm3/decade 
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v= 6.108 kPa.s 122 cm3ldecade n= 12 197 cm3/decade 

experience 195 cm3/decade experience 195 cm3/decade 

The parametric analysis was made by variation of one parameter after the other, So the set 

of parameters obtained by this method of optimisation should not be the only set of parameters 

which tit well the second part of the experimental curves of the Diflupress L.D. test. As a 

matter of fact, Table 6 summarised the innuence of the variation of the different parameters on 

the slope of the end of the curves. The set of parameters obtained from the study of sensitivity 

is not probably the only optimal set. Certainly, others set of parameters can be obtained and 

can present as good results as the one introduced in this paper 

TABLE 6 InIluence of the Variation of Parameters on the Slope of the Second Part of the 
Curves of the Difhtpress L.D. Test. 

h, a slope 71 

Set of parameters obtained from a R, Y Slope Y 
trial and error procedure 

CONCLUSIONS 

It appears that it is interesting to use m-situ test data to model practical problems with 

advanced constitutive equations, since the problem of remoulded samples is omitted. But the 

combination of parameters identifkd from laboratory and in-situ tests data, in the same model, 

is rather difkult. This paper present the first attempt of that kind, made with the Dafalias- 

Kaliakin model, to simulate the viscous behavior of natural soils. 

The set of parameters obtained from laboratory and in-situ tests data is then used to 

simulate settlements of heavy structures [3, 111, whose in-situ measurements are known. The 

results of the simulation are encouraging. More work should be done to improve this 
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approach. In Table 7, the delayed settlement obtained from the simulation is compared with the 

delayed settkment observed on site. The settlement curves are drawn in a semi-logarithmic 

diagram. The long-term settlement is linear for both curves and the slope of this linear part per 

log cycle is called creep slope. Since the simulation and the observation present the same shape 

of curve for the long-term settlement, a comparison is possible. 

TABLE 7 Values of Creep Slope corn the Simulated and observed Settlement of the 
Foundation. 

Discussions show that physic characteristics of natural soils could be determinant for the 

behavior of soils. For instance, some contradictions between laboratory and in-situ tests data 

can be due to an anisotropic structure of natural soils [23]. This could explain the differences 

observed between the three loading steps done with the Diflupress L.D. test. However, for the 

sake of simplicity, we chose to use an isotropic model for the numerical simulations. 

The set of parameters presented in this paper was obtained by a trial and error procedure. In 

the Wure, a more adequate optimisation method should be used to obtain may be best sets of 

parameters for the numerical simulation of settlements of foundations. In the same way, a more 

precise parametric study should be done on the main parameters of the model which intluence 

the viscous behavior of soils. 
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