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ABSTRACT

If the use of In situ tests for determining soil parameters has been widely
developed in the case of empirical relationships or simple models such as the
elasticity or perfect plasticity, it is not sufficiently applied when dealing with
an elastoplastic model. We present in this paper a methodology for identify-
ing the parameters of an elastoplastic model based on the interpretation of
laboratory and in situ tests. An inverse method was used to extract several
parameters from pressuremeter tests, while triaxial and oedometer tests were
used to complement the whole set of parameters. This method has been tested
by computing vertical settlements of an embankment on soft clay. The very
encouraging results obtained here provided a preliminary validation of this
method. Copyright © 1996 Elsevier Science Ltd

INTRODUCTION

The computation of Civil Engineering structures under working loads, and
in particular foundation soil settlements, requires a good knowledge of soil
behaviour in a domain of strain very often smaller than 1%. However, in
most cases the knowledge obtained from laboratory tests is usually not
precise enough, either because of the main effects of remoulding due to the
boring (whenever this is possible) on the initial strain characteristics or the
lack of precision of the measures in the small strain domain.

Therefore, laboratory results need to be supplemented by in situ results.
This interaction is currently undertaken in geotechnics in the framework
of using constitutive models that describe elasticity or perfect plasticity;
however it is not sufficiently applied when dealing with an elastoplastic
model.
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There is a large variety of in situ test methods, all of which have a
common characteristic: the realization of non-homogeneous mechanical
tests, i.e. tests for which the state of stress and strain in the required mate-
rial volume varies from one point to another. The interpretation of
this variation remains very empirical. Let us mention here Ménard’s for-
mulae for the pressuremeter and the use of these formulae for computing
settlements and bearing capacities of shallow foundations from pressure-
meter test results. The in situ results cannot be directly used to determine
constitutive models, since they do not produce quantitative relations
between stress and strain. In order to obtain such relations, it is necessary
to develop inverse methods, that is to claim the constitutive model and
to determine its parameters, by computations which take into account all
the mechanical (and if necessary hydraulical) factors which condition the
test.

These inverse methods have been recently applied to the interpretation of
the pressuremeter test [1]; let us note that this test is the most meaningful
one among all the tests which concern the in situ behaviour of geomaterials
for a large class of phenomena from small strain up to failure. The first
studies in this field showed that it is undoubtedly illusory to wish through
this method to determine all the parameters of a constitutive model that is
sufficiently representative of the non-linear behaviour in geomaterials.
However, it is possible to determine accurate and meaningful parameters
which can account for in situ stress—strain behaviour. The present paper
defends this approach and proposes a methodology for identifying soil
parameters from in situ and laboratory tests.

THE CONSTITUTIVE MODEL
We have used HUJEUXs elastoplastic model, [2, 3]. This is a multimechan-

1sm model including three deviatory plane mechanisms and ong isotropic
mechanism. The elasticity is non-linear and it is written as:

K=K|2 | andG=0|~ (1)
Pi Pi

The yield function (Figs. 1 and 2) of each deviatoric mechanism & (k = 1,...,3),
is expressed by:

fi = qi - psind(1- bLog §>g(rk> (2)
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Fig. 1. Yield surface in the (pk, gk) plane for the mechanism £.
we have:
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Fig. 2. Rate of stress in (ij) plane, and Mohr representation for the mechanism k.
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where p, (eqn 2) is the critical stress corresponding to the actual voids ratio;
p, is a hardening variable associated with the volumetric plastic strain; g(r,)
(eqn 2) is a function of the hardening variable r,, associated with the plastic
deviatoric strain of the mechanism k.

s
We can represent the yield function in a normalised plane (;:M F— j Fig. 3
pk L pk
where:
F, = pysind(l- bLog ) (7
el o
T Uy B B T ®)
2 €4
| +
a
(- ’A)

Its evolution is given by: dr, = N\,—— , and r< represents the size of the

a
initial elastic domain.

The hypothesis of associated flow in the deviatoric plane of the mechanism
k lead to the following relations in the initial HUJEUX’s model:

g(ry) = r,and dry, = kkL:eri 9)

Fig. 3. Presentation of the yield surfaces in the normalised plane.
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In order to improve the prediction of the triaxial tests (for both drained
and undrained cases) we have retained [4] the following expression for g(r,):

glr) =r, (1 +N1-r ) (10)

b (eqn 7) is a parameter which controls the form of the yield surface in the
(pk, gk) plane (Fig. 1). For soft clays, b is generally taken between 0.7 and 1.
¢ (eqn 7) is the friction angle. At critical state the material follows the
Mohr-Coulomb failure criterion.

On the other hand the increament of the volumetric plastic strain is;

de({k:xk[simp%ﬂa (11

which generalises the Roscoe’s dilatancy law [5]. o is a parameter which
regulates the volume change along a deviatoric path; for soft clays, «a is
close to 1. ¢ is the characteristic angle; very often we set: § = &.

The hardening in density is common to the four mechanisms through p,:

4
Pe = Po€XpPe! with € = ¥ (e{’ j (12)
1 k

k=

\, is the plastic multiplicator and regulates the magnitude of de?, .

Equation (12) defines the position and the slope of the perfect plasticity
line in the (e, Logp) plane via the initial critical stress p., defined by means
of the initial voids ratio e¢; and the parameter f3.

The 1sotropic mechanism is defined by the yield surface:

Jo=p—dpr, (13)

where d represents (by neglecting the elastic part of the strain) the distance
in the (e, Logp) plane between the straight line representing the critical state
and the parallel one representing the isotropic consolidation; r, is a harden-
ing variable associated with the plastic volumetric strain created by the
isotropic mechanism.

dr, = ML‘F’L (14)
riso limits the initial elastic domain of the isotropic mechanism; ¢ controls
the slope of the consolidation curve inside the overconsolidated domain.

Kinematic hardening mechanisms have been integrated in the constitu-
tive model in order to reproduce cyclic loading. Our study is however, focused
on monotonic loads, we shall not develop here these last mechanisms and
the associated parameters.
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PARAMETERS OF THE CONSTITUTIVE MODEL

In the case of simulating a monotonic stress path, a set of 13 parameters
has to be determined. The model parameters can be divided into the follow-
ing two groups:

(1) A group of parameters directly measurable from experimental curves:
This is the case of the elastic parameters E, v, (or K, G) (eqn 1), the coeffi-
cient of non-linearity » and the parameters ¢ (eqn 8) and rie (eqn 14) defin-
ing the elastic radii of the deviatoric and isotropic mechanisms. The
identification of these parameters is conditioned by the existence of tests for
which the strain measurement can be performed in the interval [10 °, 10 ¥,
where the behaviour is really elastic. This condition is not realized for clas-
sical triaxial tests or oedometers where the accuracy of the measure is not
better than 10-3, [6]; the parameter B i1s associated with the plastic com-
pressibility and it is expressed as:

C

¢

1
B~ (1+e)2,3

the friction angle &; the parameters pc0 (egqn 12) and d (eqn 13) which
determine the position of the critical state line in the (e, Logp) plane.

(2) a set of numerical parameters, appearing in the different equations,
which describe the evolution of the hardening variables; these parameters
are a, b, ¢, o (eqns 7, 8, 11 and 14) and they can only be determined by
comparison between numerical and experimental curves, by means of an
optimisation procedure.

NUMERICAL SIMULATION OF THE PRESSUREMETER TESTS

The performance of a pressuremeter test calculation by means of a finite
element method entails problems of numerical order because we have to
solve a coupled hydromechanical (pore pressure and displacement coupled
formulation) problem.

Our priority was to study the influence of the model parameters on this
special path and to identify those parameters which influence the
pressuremeter path calculation in both cases: drained and coupled (pore
pressure and displacement coupled formulation) conditions.

The computation under drained conditions allows to determine the
parameters characterising the behaviour of the soil skeleton and, in this
case, the equilibrium equation, the constitutive law and the boundary con-
ditions are expressed in terms of effective stresses.

In the computation under hydromechanical coupled conditions, with a
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40 ments

r=1.2

| 15m @ 5m »

Fig. 4. Spatial discretisation scheme for pressuremeter modelisation.

material of low permeability, as in the case of clays, the pore pressure has
been taken into account. The computations were performed under unidi-
mensional and axisymmetric conditions. Several spatial discretisation
schemes (Fig. 4) as well as several types of approximation for the deforma-
tion and the pore pressure have been examined. Elements with six nodes
and six degrees of freedom for the displacements and four degrees of free-
dom for the pore pressure and four integration points have been chosen [7].

A large variety of meshes have been examined. The choice of the mesh
under drained conditions was easily determined. The computation under
coupled hydromechanical conditions was more delicate and we finally chose
for the modelled domain a zone of 5 m length and 1 m height with 40 ele-
ments ¢, i = 1,....,40; the length /; of each element ¢, is defined by /, =1,2./_,,
with /; = 0.0007m, [7].

In Table 1 the influence of parameters on both drained and coupled (pore
pressure and displacement coupled formulation) pressuremeter test is shown [4]:

The essential difference between the drained and coupled pressuremeter
tests is the influence of the parameters E and 8.

TABLE 1
Influence of parameters on the pressuremeter test calculation in the case of normally
consolidated clayed materials

Type of analysis  Large influence  Mean influence  Small influence Very small
influence
Drained &.B.pg. el iSO bd Ea a.n,c

Coupled &g, rLr150 Ead b a.ncB
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B, the plastic compressibility, does not play a major role for the coupled
pressuremeter test which is essentially undrained.

E has a weak influence in drained conditions since the majority of the
strain is plastic, while E is significant in undrained conditions since it affects
the pore pressure increase and, consequently, the effective stresses.

Let us note that we observed the same phenomenon concerning the role
of E and B in the triaxial path.

APPLICATION TO THE SITE OF CUBZAC-LES-PONTS

We present now an application of a strategy for the identification of
parameters from laboratory and in situ tests. We studied the settlement of
the embankment B foundation at the experimental site of Cubzac-les-Ponts.
The embankment B was constructed in October 1975 by the LCPC [8]. This
embankment has been the object of numerous studies and measures, before,
during and after its construction.

On the experimental site, the embankment was built in 1972. In this
place the compressible alluvions of Dordogne’s valley include:

— a thin layer of vegetal soil of 0.3m,

— a silty clay layer smaller than 2m; this layer is overconsolidated at the
surface and alterated by desiccation (the level of the water table varies
between the natural level during winter and —1.5 m during summer),

Cubzac Clay A22-6,65m
& computation

O experience

24 NPT Lot taaad NPT

2.02

164 \¢
1.26 A

0.88 AW

4
0.5 T ——r e

0.01 0.1 1 10
sigv 10E5(Pa)

Fig. 5. Oedometer test-horizon at 6.65 m.
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— an 8m layer of grey soft clay, more or less organic and slightly over-
consolidated.

The substratum consists of a layer of gravels situated at a depth of
approximately 9-10 m and of an average height of 5 m, placed on marl or
calcareous rocks.

We thus have to determine the parameters of the constitutive model for
the several layers of soft clay. For this, we have laboratory tests: oedometer
and undrained triaxial tests, as well as in situ tests: LCPC self-boring pres-
suremeter tests.

Use of laboratory tests

These experiments allowed us to directly determine the critical state param-
eters: &, p, and d, as well as the plastic compressibility 1/83.
In Fig. 5 we show a comparison between the result from an oedometer test
and the theoretical compression based on Eqns (2) and (12) with § = 6-5.
The simulation of undrained triaxial tests (Figs. 6-11) gave a first estima-
tion of the numerical parameters a, b and «, as well as the optimal posi-
tioning of the critical state line: ¢= 1.5 and p,, = 33.103 KPa for ¢, = 2.13.
The values of b and a were not modified afterwards:

b=0.7, a=1.
Cubzac Clay A22-P0=60KPa Cubzac Clay A22-P0=60KPa
A computation a computation
q 10ES5 (Pa) q 10ES5 (Pa)

O experience

0'45 A " A , Al Lo 0'45 . L . L1 .
- - L
- N

O experience

f 0
0.36 0.36 N
- [ N
* \
0.27 / 0.27 \ \
0.18 I 0.18 \
* \
0.09 0.09
* \
0 +——f—+—ri —tr — 0 4+ttt ——r o
0 2 5 7 10 12 0 0.13 026 039 0.52 0.65
epszz (%) p 10E5(Pa)

Fig. 6. Undrained test py = 60KPa Fig. 7. Undrained test py = 60 KPa.
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The elastic parameters K, G and » have been estimated by means of stan-
dard values obtained in other types of normally consolidated clays for
which triaxial tests at small strains were available, [9].

Cubzac Clay A22-P0=100KPa

A computation
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Fig. 8. Undrained test py = 100KPa.
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Fig. 10. Undrained test py = 140K Pa.
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Fig. 9. Undrained test pg = 100K Pa.
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Fig. 11. Undrained test py = 140K Pa.
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In what follows n and v have not been modified and have the values:

n=0.7, v=0.3.
The elastic radi are:
ret = 0-001, rise = 0.6.

Use of pressuremeter tests

The numerical simulation of a pressuremeter test depends on the good
knowledge of the initial in situ stress state (which is anisotropic).

The lateral stresses at depths where the tests were performed are given
from pressuremeter tests; from the values of these stresses we have deduced

the corresponding K, values.

As an example, we compute K, for a test at the depth of 8 m:
The pressuremeter curve starts from p, = 0.88.105 Pa; the water depth 1s
h = 6.7m, so u = 0.67.105 Pa; we deduce that ¢', = 0.88.105 Pa-0.67.105 Pa
= 0.21.105 Pa; then: K, = o',/ 0"y = 0.21.105 / 0.46.105 = 0.456.

For 1 m:

o'y, = 0.084.105 Pa
u=20

o', = 0.039.105 Pa
po = 0.039.105 Pa
K, = 0.467

For 5 m:

o'y = 0.33.105 Pa
u=0.37.105 Pa
o', =0.12.105 Pa
Po = 0.49.105 Pa
K, = 0.364

For 4 m:

o'y = 0.30.105 Pa
u=0.14.105 Pa
o', = 0.14.105 Pa
Po = 0.41.105 Pa
K, = 0.467

For 8 m:

o' = 0.46.105 Pa
u = 0.67.105 Pa
o', = 0.21.105 Pa
Po = 0.88.105 Pa

K, = 0.456

The parameter which plays a crucial role in the numerical simulation of a
pressuremeter curve is the initial critical stress p, determined from the ini-
tial void ratio.

A slight variation of the initial void ratio can result in a significant varia-
tion of the p,, value, this fact entailing variations of the maximum stress pL
obtained from the calculated pressuremeter curves.

Starting from the simulation of triaxial undrained tests, we have deter-
mined the position of the critical state line. The initial void ratio for each
pressuremeter test gives the value of p,, for the computation. The distance d
between the isotropic line and the critical state line is known; the plastic
compressibility 8 has been determined from the oedometric path.
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We have thus concentrated our efforts in the optimisation of the parame-
ters E, a, re, which influence essentially the elastic and plastic deviatoric
deformability. It i1s natural that these parameters play an important role in
the coupled pressuremeter test. The values of E, a and re! were originally
estimated by means of standard values obtained by other normally consoli-
dated clays.

Cubzac Clay PA20-1m Cubzac Clay PA20-4m .
computation & computation
DV/VO(%) 4 compt DV/VO(%) O experience
O experience
8 R 9
r /
[ /1
64 ; [ 7.2 / -
48 VA S JAN:
A 4 [ A
32 ’ [ 3.6 £ i
p ‘/ s
L
0 v it 0 ""!’-—'P'A T T

0 24000 48000 72000 96000 120000 40000 56000 2000 88000 104000 120000

sigyy (Pa) sigyy (Pa)
Fig. 12. Pressuremeter test at Im. Fig. 13. Pressuremeter test at 4m.
Cubzac Clay PA20-5m Cubzac Clay PA20-8m
& computation o & computation
DV/VO(%) : DVIVork) O experie
s 0 experience s perience
L -
6.4 - - 64 4 .
48 ] 48 i
1
3.2 3.2
1.6 1.6
0 i v —r———t—— - 0 4-#’ — —r

40000 60000 80000 100000 120000 140000 80000 112000 144000 176000 208000 240000
sigyy (Pa) sigyy(Pa)

Fig. 14. Pressuremeter test at Sm. Fig. 15. Pressuremeter test at 8m.
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The results of the simulation of the pressuremeter tests are shown in
Figs 12-15. The computations were coupled with the following permeabilities:

Pressuremeters K (m/sec) Kh(m/sec)
at Il m 5.10-° 1-5.10-8
at4 m 3,100 1-0.10: 8
at5m 3.109 1-0.10 8
at8m 1.10-9 0-33.10 8

As one can see, we obtained a very good reproduction of the experimental
results. The retained values are:

rel = 0-001, riso = 0:6, a = 0-0005,
E(for Im)=24 MPa,

E(for 4m)=63 MPa,

E(for 5m)=65 MPa and

E(for 8m)=80 MPa.

The simulation of the triaxial tests using the set of parameters deter-
mined as described above show a fairly important deviation (depending on
the experiments) in the initial parts of the curves.

In a second step we could try to improve the numerical simulations of
the triaxial paths which appeared stiffer than the experimental curves, but
this improvement would create a degradation of the pressuremeter simula-
tions. This compromise between triaxial and pressuremeter simulations did
not seem necessary here for the following reasons: (i) the possibility of a
remoulding due to the boring which could decrease the initial stiffness of
the triaxial samples and (i1) the fact that the viscous nature of the clay was
not taken into account in the elastoplastic simulation. The strain rate in
triaxial tests was clearly smaller than the one in the pressuremeter tests.

Starting from this study we can propose a procedure (Table 2) for the
identification of the parameters. This procedure is based upon the comple-
mentarity of the laboratory and in situ tests; it consists of determining the

TABLE 2
A systematic way for parameters identification

Experiments Identification of parameters
Undrained triaxial tests b.ep.00.d.0,a
Oedometer tests B

Pressuremeter tests E, a, rd, riso
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critical state parameters from undrained triaxial and oedometer tests and
determining the elastic and plastic strain parameters from pressuremeter
tests by means of finite element simulations.

COMPUTATION OF THE SETTLEMENT OF AN EMBANKMENT
ON SOFT CLAY

The 9m soft clay layer under the embankment B was modelled by six layers
of distinct mechanical characteristics, the values of which were deduced from
both the geotechnical survey [§] and the performed tests are shown in Table 3.
The construction of the embankment was modelled by 10 layers set in 6.3
days.
The computation by means of a finite element method was performed
under hydromechanical coupled conditions (pore pressure and displacement

TABLE 3

Mechanical characteristics of the embankment B foundation
Layer gy vy g ) E K, Ky,

(KPa) { KN/m?) (m/sec) (m/sec)
0-1 84 16-8 1-65 28 13 5.10° 1-5.10 8
1-2 19-05 14-5 23 31 43 5109 1-5.10 8
24 253 14 3.2 31 53 3.109 1-0.10 8
4-6 343 15 22 31 65 3.10° 1-0.10 8
6-8 443 15 2-1 33 80 1.10 ¢ 0:33.10 %
8-9 5205 155 2 33 87 1.10 9 0-33.10 ¢
Emban. 24 21 2 30 20 1 1

264 elements

Fig. 16. The embankment B. Modelisation of half of the domain.



Identifying soil parameters by means of laboratory and in situ testing 167

coupled formulation) for the foundation and drained conditions for the
embankment, in 2D conditions.

The time step was dr = 28000 sec during the construction of the embank-
ment B and df = 30000 sec once the construction was performed.

The mesh used for the computation represents half of the embankment
and of the foundation soil, since the problem is symmetric (Fig. 16). The
mesh used for the foundation consisted of 164 quadrilateral elements of
eight nodes per element and four integration points and the one of the
embankment consisted of 60 quadrilateral elements of eight nodes and four
integration points per element.

The computation was performed using GEFDYN [10], a finite element
code developed at Ecole Centrale de Paris.

The following boundary conditions have been used:
(1) Null excess pore pressure throughout the surface of the water and the
inferior extremity of the mesh in contact with the permeable substratum,
(2) null horizontal displacement on the vertical extremities of the mesh,
(3) null vertical displacement on the inferior extremity of the mesh.

The initial state of the soil is characterized by:
(1) null excess pore pressure everywhere in the domain,
(2) the effective stresses defined by the volumetric weight of the soil, the
pore water pressure and, also by the coefficient of earth pressure at rest.

The values of K, and K}, were deduced from in situ self-boring permeameter
tests [8], see Table 3 in text on page 166.

A detailed study of the results show that the settlements calculated per
layer (Fig. 17) are quite satisfactory with respect to the in situ measurement

——o— calc.0-lm —e— experience.0-1m

—a8— calc.1-2m —-&—— experience.1-2m ~—oe— calc.4-6m ——e—— experience.4-6m
—=a&—— calc.2-4m —a— experience.2-4m —=&— calc.6-9m —a—— experience.6-9m
0 ol L 1 i | i 0 1 1 1 1 L
- F - =
-5_fim
E i E
T » < -10—
k= &
o b= - -
5 5.5
= =
& - 9 .
=20
B B =
-25 T T l ﬁ*l fl T -25 T L T ]
0 300 600 900 1200 1500 0 300 600 900 1200 1500
t(days) t(days)

Fig. 17. Settlements per layer.
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—e— calc.0m —e— experience.dm  —oe— calc.6d ——e—— experience.6d
—&— calc.dm —=— experiencedm  —a— calc.106d ——a— experience.106d
——a— calc.6m —&—— experience.6m  ——a— calc.506d —-&— experience.506d
0 i 1 L 1 1 l L 5104 1 .l 1 L 1 J 1
' = - ‘ =
e _ P e s B

410*
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010" 1 L —

1T
-70 T T T T 1T 7
0 2(!0 4&) 680 8&0 10l)0 0 —L E 10
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Fig. 18. Global settlements. Fig. 19. Excess pore pressure.

concerning the layers from Im to 2m and from 2m to 4m. The same
remark holds for the layers from 4m to 6m and from 6m to 9m.

We have not been able to reproduce the first layer settlement. We have
admitted in the computation that the first layer, from Om to 1 m, is drained
while, in fact, between the surface and a depth of I-5m the water table
fluctuates. The weathering evolution of this zone was very difficult to take
into account in terms of mechanical and hydraulical conditions.

In Fig. 18 the global settlements are shown; one can note that the final
settlement, for the node lying under the embankment axis at the soil sur-
face, is almost stabilised after approximately 1000 days because, once the
excess pore pressure is dissipated, we have no supplementary settlements,
The computed excess pore pressure dissipated faster than in reality (Fig. 19).

After 1000 days we have almost total dissipation of the excess pore pres-
sure and as a consequence, a stabilisation of the computed settlements.
The constitutive model used in this study 1s an elastoplastic one and, there-
fore, the creep effect was not taken into account. In reality, the measured
settlement continued to increase with time up to several years after the
construction.

CONCLUSION

We have proposed and validated a methodology (based on both laboratory
and in situ testing in soft clay) for identifying the parameters of
HUJEUXs elastoplastic model.
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A parametric study of the pressuremeter test calculation by the finite
element method under drained and hydromechanical conditions (pore pressure
and displacement coupled formulation) has pointed out the influence of
each parameter on the numerical response. Starting from these results we
propose to use the pressuremeter results in order to determine by the
inverse method a small number of parameters (in our case 3 or 4), chosen
among the most influential ones, which have moreover a limited range of
values, in accordance with the soil physical characteristics (by means of cor-
relations for example).

In these conditions, the complementary elements given by the interpreta-
tion of pressuremeter tests can be very fruitful. We presented an example
based on the calculation of the settlements of an embankment on soft clay.
Most of the parameters were determined from triaxial and oedometer tests.
Those extracted from pressuremeter tests mainly governed the elastic and
plastic deformability of the different clay layers that we assumed were more
precisely captured by in situ self-boring pressuremeter rather than by labo-
ratory tests for which the remoulding due to boring could influence the
initial stress—strain relationship.

Very satisfactory results of the calculated settlements at different depths
were obtained, which represented a preliminary validation of the method.

More studies are still needed in other cases in order to propose an opti-
mal use of the pressuremeter results according to the type of soil and to the
kind of civil engineering structure.
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