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ABSTRACT: The FEDRE project focuses on a detailed study of the overall behavior of an onshore wind turbine foundation laying
on a soil reinforced by semi-rigid inclusions type "CMC". The ongoing research is mainly divided into two main axes.
Experimentally, we are trying to measure the load transfer from the foundation to the reinforced soil, the deformations and the
responses to the complex cyclic loading descending from loads and directions of the wind as well as the different operating modes
of the wind turbine. Numerically, an extensive experimental database will supply complex constitutive laws for the soil, CMC and
s0il-CMC interaction by assigning measured and calibrated model parameters. For simplicity, the loading and geometry complexity
has been divided into parts, each being modeled separately, compared to the measurements and calibrated if necessary. This paper
will be presenting the soil part, where HSM and HS small strain model have successfully reproduced the behavior of the soil due to
monotonic and cyclic loading. The laboratory results of the Oedometric, Triaxial, Cyclic Triaxial and Resonant Column tests were
compared to soil test predictions using FEM of PLAXIS. A summary of the parameters set, and a sensitivity analysis are presented.

RESUME : Dans le cadre du projet FEDRE, notre objectif est d’étudier le comportement global d'une fondation d'éolienne terrestre
reposant sur un sol renforcé par des inclusions rigides de type "CMC". La recherche en cours est principalement divisée en deux
axes principaux. Expérimentalement, nous essayons de mesurer le transfert de charge de la fondation au sol renforcé, les déformations
et les réponses aux sollicitations cycliques complexes descendant de 1’éolienne ainsi que ces différents modes de fonctionnement.
Numériquement, une base de données expérimentales fournira des lois de comportement complexes pour le sol et I’interaction sol-
CMC en attribuant des paramétres de modéle mesurés et calibrés. La complexité du chargement et la géométrie ont été divisées en
parties, chacune étant modélisée séparément, comparée aux mesures et calibrée si nécessaire. Cet article présentera la partie sol, ou
les modeles HSM et HS small strain ont réussi a reproduire le comportement du sol dii aux chargements monotones et cycliques. Les
résultats des essais cedométriques, triaxiaux, triaxiaux cycliques et de la colonne résonante ont été comparés aux simulations des
essais de sol a I'aide de la MEF de PLAXIS. Un résumé des paramétres définis et une analyse de sensibilité sont présentés.

KEYWORDS: wind turbine, soil tests, HSM model, cyclic loading, CMC.

1 INTRODUCTION between the columns, the load transfer platform below the
gravity foundation and the interface between the ground and the

The FUI25 FEDRE (Fondations d’Eoliennes Durables et columns. One of the most interesting features of CMC is the

REpowering) project aims to find solutions to reuse the existing
foundations of the wind turbine as well as to improve the
competitiveness of the sector by optimizing its foundations and
to improve the integration of wind energy into the French
strategies.

A deep understanding of the individual foundation
components allows more detailed conclusions to be drawn about
their constitutive relationships, interactions and mechanical
behavior in relation to the complex loading of the wind turbine
"WT". The foundation is subjected to a very high number of
cyclic loads, leading to numerous limit states and representing an
important safety factor to be considered by the guidelines for
wind turbine foundations in France (Berthelot 2011), in addition
to the constructor specifications. Despite these considerations at
the design stage, such as eccentric loads, fatigue and cyclic
loading, a prudent choice of concrete and soil parameters must
be made in geotechnical engineering to avoid undesirable events.
The behavior of soil under dynamic loads is one of the current
topics in geotechnical engineering.

Several foundation types are currently utilized for onshore
wind turbines. In France, the following foundations are generally
recommended (Berthelot 2011) and are widely used. Semi-rigid
inclusions type"CMC" is reinforcing the monitored foundation
of the FEDRE project. This technique is now commonly used for
onshore wind turbines. The Fantanele and Cogealac projects, the
largest onshore wind farms in Europe with a total capacity of 600
MW, are based on a soil reinforced with CMC (Briet & Plomteux
2010). This technique involves different modes of interaction:
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inclusion of the soil in the resistance to the loads, by creating a
composite s0il/CMC region that is stiffer than its initial state. In
this way, the applied load is transferred to the soil and the CMC
in different proportions, which can be controlled during the
design phase based on the available methods. As a result, the
deformation of the soil and the problem of excessive strain
accumulation under cyclic loading are significantly reduced.

This article describes part of the comparison of laboratory soil
tests and numerical results performed with the Soil Test module
of PLAXIS for the following laboratory tests (oedometric,
triaxial, cyclic triaxial and resonant column). Different
constitutive laws such as Mohr-Coulomb, Soft Soil, Hardening
Soil Model (HSM) and Hardening Soil Model with Small Strain
(HSS) were used to better reproduce the behavior of the soil
during the laboratory tests.

The HSM model was chosen to reproduce the behavior of the
soil under the wind turbine foundation for the monotonic loading,
and the HSS model to reproduce the response of the soil during
the cyclic loading.

2 LITERATURE REVIEW

In geotechnical engineering, identifying the appropriate soil
parameters is always a challenge. Estimation of the stress- strain
relationship to predict soil pre-failure is not an easy task,
especially since most projects with limited budgets do not
involve soil testing in the laboratory due to the non-negligible



cost. In addition, the number of in-situ tests is limited in certain
cases. For this reason, empirical formulations, standards and
recommendations are often used during design to evaluate
strength and stiffness parameters. For certain geotechnical
projects, such design methods can lead to simplification of
assumptions and a high factor of safety, which means higher
execution costs.

Resorting to a linear-elastic correlation such as Hooke's law
in conjunction with Mohr-Coulomb's perfect plasticity criterion
to calculate a single soil stiffness is insufficient in various
geotechnical applications (Schanz et al. 1999), especially for
cyclic loading. However, looking for a complex constitutive
model to obtain reliable and more realistic predictions of soil
response would be useful if a soil database is available, which is
not always the case in engineering. Therefore, the solution is to
fit a constitutive law with an appropriate number of parameters
with respect to the geotechnical application, the type of loading,
the soil and the contemplated strain level.

A constitutive model is a mathematical formulation that
governs o —¢& of a material. Its equations are widely
implemented in finite element code such as PLAXIS that
incorporate several categories of models as listed by Schweiger
(2009):

(1)Elastic models, linear or non-linear: largely applied in
conventional soil mechanics due to its simplicity, however
it misrepresents the real soil behavior in some cases.

(2)Elastic-perfectly plastic model: such as Mohr-Coulomb
model, most practical and firstly used in engineering for
soil subjected to monotonic loading. However, it does not
allow the variation of the assigned stiffness and the
dilatancy is not mobilized before rupture, features of
which are generally observed in cyclic loading.

(3)Isotropic hardening single surface plasticity models: such
as Modified Cam Clay, represents a non-linear elasticity
and introduces the hardening/softening law. This model is
known for soft soils, mainly normally consolidated Clay.

(4)Isotropic hardening double surface plasticity models: such
as HSM that was developed to establish the non-linear
behavior of soil (Duncan & Chang 1970) with more
reliable features of soil behavior under load, including
aspects such as densification, stress history and dilatancy.
It is adequate for modelling the domination of shear plastic
strains which can be observed in non-cohesive and over
consolidated cohesive soils, as well as the domination of
compressive plastic strains which is typical for soft soils
(Obrzud, 2010, Schanz et al. 1999).

Although elastoplastic models using isotropic hardening have
been shown to be efficient in simulating the behavior of soils
under monotonic loading, most of these models are unable to
account for the response of the soil to stress reversals (unloading
and reloading). In general, these models do not include a
mechanism for energy dissipation for stress cycles acting within
the elastic regime. In this way, the irreversible behavior of the
soil under elastic loading and unloading, which has been
experimentally demonstrated (Pecker 2007), could not be
reproduced by these models due to the lack of permanent
deformation in the elastic regime. Nonlinear constitutive models
that assume a hyperbolic stress-strain relationship could
overcome these limitations. The hyperbolic model was originally
developed by Kondner (1963) after he formulated the
relationship between the deviatoric and axial strains in drained
triaxial tests and was first implemented in a finite element code
by Duncan and Chang (1970).

Meanwhile, The HSM represents a good approach to soil
behavior, it does not distinguish between large stiffness at small
strains and reduced stiffness at engineering strains strain levels.
This inability was overcome by the introduction of the small
strain version of the model to the "HSS" small strain hardening
model (Benz, 2007). It allows the integration of the degradation
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of the stiffness of the soil due to increased strains or cyclic
loading and can also incorporate the hysteretic damping of the
material, an aspect considered in the case of WT foundations.
While the unloading in HSM is purely elastic, as shown in Figure
1 (a). A typical hysteretic behavior of HSS when the soil is
subjected to cyclic shear is shown in Figure 1 (b). By using a
constant value for Poisson's ratio, as recommended in PLAXIS,
the shear modulus could be calculated from Young's modulus for
very small strains (Eq. 1):

G = Ey /21 +vy) 1)

Deviator stress, q

Axial strain, £,

(a)

(®)

Figure 1(a). Hyperbolic stress—strain relationship in primary loading for
a standard drained triaxial test (Schanz et al. 1999), Figure 1(b).
Hysteretic behaviour in the HSS model (Brinkgreve et al. 2007).
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Figure 2. Normalized stiffness degradation (Atkinson & Sallfors 1991).

The behavior of soil at small strains has been a research
interest on which many studies (Atkinson 2000, Benz 2007) have
been carried out to improve the understanding of this
phenomenon in various geotechnical applications. In the case of
a wind turbine, this phenomenon could be observed due to the
high number of cycles during its lifetime. A normalized stiffness
degradation curve introduced by Atkinson and Sallfors (1991)
explains the shear stiffness for a wide range of shear strains
(Figure 2): a very small shear strain level where the stiffness
modulus remains constant in the elastic range, a small strain level
where the stiffness modulus varies nonlinearly with strain, and a
large strain level where the soil is close to failure and the soil
stiffness is relatively low. This definition was later modified by
Diaz-Rodriguez and Lopez-Molina (2008) by dividing the three
ranges into five. The deformation of a wind turbine is estimated
to be between 0.001% and 0.1% (Berthelot, 2011), which puts it
in the low deformation range, so the HSS model is recommended
in this case. The fact that soil deformation is reduced by the CMC
technique results in a shift of the deformation level to a low range
(see Figure 2). This technique provides an efficient foundation
system by reducing settlement and increasing bearing capacity
and/or providing stability (Racinais et al. 2016).



3 HSM AND HSS INPUT IN PLAXIS

The mathematical formulations of the HSM are detailed in
Schanz et al. (1999) and Brinkgreve (2002) and for the HSS
model in Benz (2007). The soil behavior is represented in a set
of ten parameters, among which three stiffness parameters from
soil tests are defined.

e Primary loading E ;gf , which is determined from the
secant of the stress-strain curve in triaxial test at 50% of
the maximum shear stren%th,

e unloading/reloading E;rf is the Young’s modulus

reference (elasticity modulus) determined from the tangent
of the stress-strain curve in triaxial test,
oedometer stiffness E::g, the tangent of the primary
loading in oedometer test.
The magnitude of soil deformations could be modeled more
accurately thanks to the combination of these three stiffnesses.
The “ref” that appears in the notations refers to the stress-
dependency, where all stiffnesses increase with the pressure. In
PLAXIS, the default reference pressure is 100 kPa.

The change of stiffnesses according to the stress state (o3 for
E;gf s Efo and o'y for EZ:(’;) is related to the cohesion, and
mainly the power “m” (see Eq. 2). Common values of “m” used
by PLAXIS: 0.5 for Sand, 0.5 - 0.7 for Silt and nearly 1 for Clay.
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As for the Mohr-Coulomb model, limiting states of stress are
described by means of the friction angle, @, the cohesion, ¢, and
the dilatancy angle, y.

Besides the input parameters of HSM, two additional
variables are required for HSS model: shear modulus at initial or
very small strain Ggef and the shear strain y,,at which the
secant shear modulus is reduced about 70% from its initial
reference modulus. Their estimation is more practical by using
laboratory tests, despite the proven efficiency of empirical
formulations and in-situ tests. Usually, Gpq, = (6to 8) Ep,
indicated in Berthelot (2011) was quite close to that obtained
from laboratory results in FEDRE project. Down-hole seismic
test (Ashford et al. 2000) and seismic cone penetration test
(Dong, 1998) are in-situ tests to characterize the shear modulus
at small strain. The reference threshold shear strain y,, is
correlated by Vucetic and Dobry (1991) (as written in Eq. 3). It
also could be found in a more complex representation for the
stiffness degradation curve suggested by Ishibashi and Zhang
(1993). For a precise estimation of HSS model parameters, a high
resolution nearly 1 micro strain (Santagata et al. 2005) must be
achieved. Cyclic triaxial test and resonant column devices are
common to assess the dynamic properties of soils via laboratory
experiments. They operate at a wide range of strain levels
(1075 % of y to 10 %) and excitation frequencies (0.2 Hz of y
to 170 Hz) (Khan et al. 2011). The shortcoming of cyclic triaxial
test is in its incapacity to impose a very low strain levels, this is
therefore carried out by the resonant column in our case. Their
results are usually merged to present the stiffness degradation
curve.

Yo,7 = 0,00211, — 0,0055 3)

4 TEST SOIL

The soil under wind turbine foundation of FEDRE project, has
been extensively explored through a pressuremeter, 10 static
penetrometers and a core drilling totaling 15 m were carried out
and intersected 1 m of intact soil. Subsequently, Antea Group
characterized the mechanical behavior of the soil by performing
several laboratory tests such as Oedometer tests, Static Triaxial
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tests, Cyclic Triaxial tests, and Resonant Columns. In this article,
the comparison of results between numerical modeling and
experimental analysis is mainly presented for the soil layer (2).

In addition to part of the results for soil layer (1) highlighting
a difference in the mechanical behavior lined to dissimilarity of
soil initial conditions. The soil profile in the main borehole could
identify the different types of soil found under the foundation
(Table 1). On site, the layer thicknesses vary in the concerned
area, this has been detected by the analysis of the penetrometers
as well as by the execution data of the CMCs.

Table 1. Initial soil parameters derived from pressuremeter and
correlations.

Index Soil type Ey(MPa) ¢ (kPa) ? ()
Loose to medium
1 Silt 8 5 25
2) Medium clayey Silt 16 10 25
3) Medium to stiff 2 15 30

Silty Clay

The soil under the wind turbine foundation is identified as
heterogeneous on the basis of the analysis of various CPT,
pressuremeter. This heterogeneity has been also detected in the
same borehole. The estimation of the characteristics is
representing the equivalence for each index.

In FEDRE project, the parameters of HSM and HSS model
are derived from the experimental measurements. The following
strategy is adopted when validating the choice of parameters:
The vertical loading is considered as a dominant limit state
in wind turbine foundation, the Eg:d is measured from
the primary loading part of the oedometer test results. The
power “m” is calculated from different o), and the other

m
stiffnesses and parameters are also derived from suitable
tests.

An oedometer test is launched on PLAXIS, a sensitivity
study for all the parameters is then be carried out to
understand the influence of each on the results. The set of
parameters  corresponding most closely to the
experimental results is extracted and simulated in the
triaxial tests on PLAXIS to compare the soil behavior in
shearing domain.

The primary loading stiffness is calculated from the CU+U
(Consolidated undrained triaxial tests with the
measurement of the pore pressure), the choice of “m” is
verified, a CU test on PLAXIS is conducted with a drained
stiffnesses. A sensitivity study will also be taking place to
understand the influence on the soil behavior.

The E;ﬁf stiffness is correlated from the unloading-
reloading in the oedometer test.

Gmax 1 derived from the resonant column at very small
strain level (10™* % of ) and compared to the empirical
formulations in the guidelines for wind turbine
foundations in France.

Yo7 is calculated from the combined curve of the
degradation of the shear modulus strain level which
constitutes 70% reduction from the initial shear modulus.

5 RESULTS AND DISCUSSIONS

In this section, the results of PLAXIS soil test module for
Oedometer, Triaxial test (CU) and Cyclic Triaxial test will be
presented and directly compared to the experimental results.

5.1 Oedometer results

Following the defined numerical protocol, Figure 3 will be
presenting the Oedometer results. The comparison between



experimental and numerical results of Mohr-coulomb, Soft soil
and HSM illustrates in the first place the non-linearity of the soil
poorly represented by Mohr Coulomb. However, this issue was
overcome by using the Soft soil and HSM. PLAXIS offers the
possibility to use the following alternative parameters: C, Cs
and e;,;; to automatically calculate the material stiffnesses. In
this case, the user shall include pre-consolidation pressure ()
value in the soil test to match the stress level of which the soil
has experienced in the past as well as calibrating the reference
pressure p"¢ in case of using HSM (Table 2). The comparison
of the three models using the alternative parameters method
shows a good performance regarding the experimental soil
behavior (Fig.4). It could be effective as initial simulations for
the choice of constitutive models, however, it’s impractical in
performing parameter calibration along with a possible
confusion when communicating the summary of soil stiffnesses
limited by soil conditions. The set of alternative parameters used
to simulate the HSM (2), (2°), soft Soil (2) for the second layer
are listed as follow: C, = 0.161;C; = 0.001; e, = 0.65;¢’ =
13 kPa; ¢' =30 °; The difference in behavior between HSM
(2) and HSM (2’) is due to the effect of the preconsolidation
pressure. This effect does not exist in case of deriving the
stiffnesses from the oedometer test (HSM (2)-calibrated), where
the Eg:g must be calculated in the normally consolidated part of
the curve. Hence, when introducing the over-consolidation effect
(HSM (1)) to the calculated stiffness, the behavior will be
erroneously simulated (Figure 4).

Table 2. The soil parameter derived from oedometer and triaxial tests.
HSM (1) HSM(2) HSM(2’) Softsoil (2)

o, (kPa) 390 170 - 170

Another illustration of the constitutive models in case of
oedometer test is displayed in Figure 4. The comparison of Mohr-
Coulomb models (Table 3) and the experimental results is
excellent between 0 to 100 kPa and satisfactory between 100 to
1000 kPa. Nevertheless, in Figure 3 Mohr-Coulomb behavior
presents some differences compared to the laboratory tests. Some
potential explanation could be the quality of the soil test, the
sample could be reconditioned. Moreover, Mohr-Coulomb
model corresponds to the average behavior of the layer (2)
whereas the oedometer test is representing only one particular
spot of the soil layer. Heterogeneity was observed in the layer (2)
while identifying the soil sampled. MC (1) shows that Mohr-
Coulomb could be a suitable choice to simulate a soil
experiencing a similar stress level. Moreover, the use of CMC
semi rigid inclusion reduces the load transferred to the soil in
high percentage, which makes Mohr- Coulomb a performing
choice in defined cases.

Table 3. Mohr-Coulomb parameters.

Soil layers E,(MPa) ¢' (kPa) @'(®)
Layer (1) 12 5 30
Layer (2) 24 10 25

Lastly, the accuracy of HSM in reproducing the unloading-
reloading as well as second unloading against the experimental
results is obvious. We acknowledge that the HSM model
presented in Figure 3 has already been carefully studied to find
the optimal set of parameters for each constitutive law.
Therefore, HSM parameters are taken for another phase of
validation and study in the triaxial test.
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Figure 3. Experimental vs numerical results of soil layer (2) (Oedometer
test).

o'y [kPa]
1 10 100 1000
0,00 b . :
0,02
0,04 -
0,06 -
&
0,08 -
0,104 —® Exp. results
HSM (1') - Calibrated

—— HSM (1) - Calibrated
0121 ... MC (1)
0,14

Figure 4. Experimental vs numerical results of soil layer (1)
(Oedometer test)

The sensitivity study is an effective way to determine to what
extent the parameters will influence the behavior of the soil. The
following points will summarize our assessment.

Nevertheless, the E ;:d is calculating exclusively in the
normally consolidated part of the oy, — ¢, curve.

The cohesion has a relatively significant impact on the
Oedometer results, its significance was seen to surpass that of the
friction angle.

The increase of the Exf in Oedometer test, could be helpful
to match and lightly extend the unloading-reloading loop of the
experimental results.

For accurate results matching, the application of HSM
mathematical formulations to calculate the reference modulus is
advisable rather than the use of the automatic transformation
done by PLAXIS.

5.2 Triaxial results

After the selection of the HSM parameters for the Oedometer
test, the constitutive model will be simulated a CU triaxial test
and compared to the experimental results. In Figures 5 and 6, four
references pressure represented by the confining pressure for
both experimental and numerical results were performed and
compared: 100, 200, 350 and 700 kPa. All the HSM presented
in Figure 5 have the same set of parameters. It has been
calibrated, where stiffnesses and other parameters have been
adjusted to match the soil during a CU test at the highest possible
level along with all possible confining pressure.

As can be seen, the HSM corresponds to the experimental
results of the first three listed confining pressure. The results
show a good agreement mainly for a relatively small range of
deformation between 0 to 4% as well as near the soil rupture.
That reveals that the drained stiffness assigned to the soil in
PLAXIS are fairly adjusted from the experimental CU stiffness.
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Figure 5. Experimental vs numerical results (CU triaxial test).

The stress path t versus s'is shown in Figure 6, which is
from the CU test at four different confining pressures. The
calibrated HSM with a reference pressure of 100 kPa, based on
the results considered in Figure 6, agrees with the experimental
results at confining pressure between 100 and 350 kPa .
However, it is less ideal at 700 kPa, which is an extremely high
and unexpected reference pressure in the soil reinforced with
CMC under the wind turbine. In general, the HSM cannot
reproduce the increase or decrease of the pore pressure. In Figure
6, the deviation in the stress profile at both 100 and 200 kPa
confining pressure is due to a slight increase in the dilatancy
angle from 0 to 2. In fact, manipulating the values of the dilatancy
angle would result in an unrealistic stress path (Schweiger,
2002). Here, the increase of the dilatancy angle in the numerical
results is only for illustration. The stiffness values obtained after
HSM calibration are as_ follows: E;gf = 11000 kN /m?,
E'?) = 6000 kN/m?, EL¢/ = 60000 kN /m?.
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Figure 6. Experimental vs numerical results of stress path s’ vs t’.
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The experimental stress path is a typical shape of a normally
consolidated clay (Surarak et al. 2012), and its undrained shear
strength is correctly reproduced by the HSM predictions.

Table 4. Summary of strength parameters Experimental vs Numerical.

Design Virgin HSM
parameters parameters parameters
¢ (kPa) ¢'(°) ¢ (kPa) ¢'(°) c' (kPa) ¢'()
Layer (1) 5 25 4 34 5 30
Layer (2) 10 25 13 30 10 28

Table 4 summarizes the strength parameters for loose silt and
medium stiff clayey silt based on the initial estimation during the
design phase, the triaxial results and the HSM parameters. The
difference between the values of each method remains negligible
in the case of oedometer analysis, which represents the vertical
loading in the case of a wind turbine. In the provision for critical
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shear, the difference between the values could slightly influence
the soil behavior if the absolute focus is on the soil behavior. In
the presence of CMC, this difference has less influence on the
less loaded soil.

5.3 Cyclic Triaxial results

The experimental procedure performed by Antea Group was in
accordance with ASTM D3999-91. For a given effective
confining pressure, the soil is subjected to a series of 40 load
cycles in tension and compression, with frequency and amplitude
constant. The test was performed using a strain-controlled
function. The imposed deformation is approximately between
1072% and 1%. However, the resonant column test performed
by Antea Group complied with ASTM D 4015-92 and allowed
the measurement of the dynamic properties of the soil in a
deformation range between 1074% and 1072%.

The imposed deformation during cyclic loading was the
following: 0.005%, 0.01%, 0.02%, 0.04%, 0.07%, 0.1%, 0.2%,
0.5% and 1%. We were interested in the deformation between
1075% and 1073%, the range of soil deformation in wind
turbine foundations (Berthelot 2011). Using the module for
undrained triaxial tests in PLAXIS, the soil was simulated under
the same experimental conditions. The results presented in
Figure 7 reveals the high potential of the HSS model to reproduce
the soil behavior under cyclic loading for a deformation of
0.04%. Numerical simulation was performed for the rest of the
experimental deformation ranges.

The dynamic properties of the assigned HSS model are
derived from the resonant column and triaxial test. The shear
modulus at small strain was calculated from the RC tests at a
strain level of 10™* % of y. A good agreement between the
experimental value of G4, and by multiplying the pressure-
meter modulus (E,,) by 8, as suggested in the guidelines for the
foundation of wind turbines in France. The HSS model conserves
the HSM parameters plus its two particular parameters. A slight
calibration of the parameters was performed to obtain such
numerical results:

Ggef has been slightly reduce in order to increase the axial
strain.

E1¥ has been increased to obtain this relatively wide area of
the hysteresis loop observed in the Figure 7.
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Figure 7. Experimental vs numerical results (CU cyclic triaxial test).

The results of the first soil layer (loose silt) are also presented
in the Figure 8. It shows the initial numerical results for the HSS
model based on experimental parameters directly derived from
the resonant column and the cyclic triaxial test, in addition to the
calibration effect on the results. The decreasing in G;* value
adjusted the strain level interval to fit with the experimental one.
A careful consideration must be given to the pressure reference
expressing the stress dependency for the shear modulus as was
the case for the stiffnesses in HSM. Table 5 shows the value of
Gmax derived from the resonant column test and the value of
(E) multiplied by a coefficient between 6 to 8 as suggested in
the guidelines of the wind turbine foundation in France.
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Figure 8. Experimental vs numerical results (CU cyclic triaxial test).

Table 5. Summary of strength parameters Experimental vs Numerical.

Parameters (MPa) En Gmax Gg ef E:if
Layer (1) 8 51 25 20
Layer (2) 13 77 31 60

On the other hand, the opening of the hysteresis loop is
achieved by increasing the unloading/reloading parameter. The
calibrated HSS model has succeeded in reproducing the cyclic
behavior of this soil layer. The defined stiffnesses in the
calibrated HSM presented in this paper are used for the HSS
model and have successfully represented the soil behavior under
cyclic loading. In addition to calibrating the shear modulus
values and the unloading/reloading reference modulus.

6 CONCLUSIONS

In the FEDRE project, we are dealing with several soil layers, for
each of which an appropriate HSM model has been determined.
Each layer has its own stress reference, ranging from 50 kPa for
the near surface layer to 200 kPa for the deepest reinforced
layer. Therefore, after conducting the parametric study and
determining the HSM parameters for each soil layer, a parameter
set with a pressure reference of 100 kPa was established. The
parameter set was established to simulate all possible strains
directly related to the confining pressure in shear and the vertical
load in pure compression. The results were validated
experimentally. The reason for the sometimes-incomplete
agreement between the HSM and the experimental results is
simply due to the stress dependence. The following concluding
remarks can be formulated:

(1)The HSM has proven its fitness to reproduce the behavior
of Silty and clayey soil, with numerical and experimental
results showing good agreement.

(2)The HSS model correctly reproduced the behavior of the
soil under cyclic loading, using the same set of HSM
parameters in addition to the experimentally calculated
dynamic parameters, as shown.

(3) A numerical protocol was recorded and briefly discussed
to overcome the possible differences between numerical
and experimental results. Even though the soil parameters
were derived from experimental soil tests, a slight soil
heterogeneity or a difference in correlation between the
undrained and drained stiffness could cause make such a
difference, especially in the case of silt whose behavior is
not obvious.

(4)The comparison between the estimated parameters in the
design phase, the laboratory tests and the advanced
constitutive models shows a good correlation of the
pressuremeter tests.

The fact that the soil is reinforced with CMC confirms to us

in the design phase that the Mohr-Coulomb model is sufficient in
certain circumstances to reduce the stresses transferred to the
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soil. In the FEDRE project, the determined HSS model is used to
simulate the overall cyclic behavior of the instrumented wind
turbine foundation.

7 ACKNOWLEDGEMENTS

We would like to take this opportunity to thank all members of
FEDRE project for their support and facilities. We sincerely
thank Antea Group for performing the soil campaign and
providing us with the experimental results, including the
Resonant column and cyclic triaxial test. We thank the European
regional funding FEDER for financing part of FEDRE project.

8 REFERENCES

Ashford S.A., Jakrapiyanun W. and Lukkunaprasit P. 2000.
Amplification of earthquake ground motions in Bangkok. Proc. 12th
World Conference on Earthquake Engineering, Auckland, New
Zealand., 1-7.

ASTM Standard D3999-91, 2003, "Standard Test Methods for the
determination of the Modulus and Damping properties of Soils
Using the Cyclic Triaxial Apparatus.

ASTM Standard D4015-92, 2000, "Standard Test Methods for Modulus
and Damping of Soils by the Resonant-Column Method.

Atkinson J.H. Sallfors G. 1991. Experimental determination of soil
properties. Proc. 10th ECSMFE, Florence, Mass., 3, 915-956.

Atkinson, J. H. 2000. Non-linear soil stiffness in routine design. Journal
of Géotechnique 50.5, 487-508.

Benz T. 2007. Small-strain stiffness of soils and its numerical
consequences. PhD, Universitat Sttutgart.

Berthelot P. 2011. Recommandations sur la conception, le calcul,
I’exécution et le contrdle des fondations d’¢oliennes. France.

Briet S. and Plomteux C. 2010. Integrated ground improvement solution
for windmill foundation support in soft soils, GEO, Calgary, Alberta.

Brinkgreve R.B.J. 2002. PLAXIS: finite element code for soil and rock
analaysis, Version 8. Balkema, Rotterdam.

Diaz-Rodriguez J.A. and Lopez-Molina J.A. 2008. Strain thresholds in
soil dynamics. Proc. 14th World Conference on Earthquake
Engineering.

Dong, N. P. 1998. In-situ Investigation of Soft and Stiff Clay in Bangkok.
Masters thesis, Asian Institute of Technology, Bangkok.

Duncan J.M. and Chang C.Y. 1970. Nonlinear analysis of stress and
strain in soils. Journal of Soil Mechanics & Foundations Div.

Ishibashi I. and Zhang X. 1993. Unified dynamic shear moduli and
damping ratios of sand and clay, Soils and Foundations 33 (1), 182—
191.

Kondner R.L. 1963. Hyperbolic stress-strain response: cohesive
soils. Journal of the Soil Mechanics and Foundations Division 89
(1), 115-143.

Obrzud R. F. 2010. On the use of the Hardening Soil Small Strain model
in geotechnical practice, Numerics in Geotechnics and Structures 16.

Pecker A. 2007. Soil behaviour under cyclic loading. Advanced
Earthquake Engineering Analysis. Vienna,1-13.

Racinais J. et al. 2016. Twenty Years of CMC Successful Application.
Proc.19th Southeast Asian Geotechnical Conference, Kuala
Lumpur, Mass.,5.

Schanz T., Vermeer, P. and Bonier P. 1999. Formulation and verification
of the Hardening Soil model. Beyond 2000 in Computational
Geotechnics, 281-296.

Schweiger H.F. 2002. Some remarks on pore pressure parameter A and
B in undrained analyses with the Hardening Soil Model. PLAXIS
bulletin 12, 6-9.

Schweiger H.F. 2009. Influence of constitutive model and EC7 design
approach in FEM analysis of deep excavations and Retaining
Structures, Budapest., Budapest, 99-114.

Santagata M., Germaine J.T. and Lad C.C. 2005. Factors affecting the
initial stiffness of cohesive soils. Journal of Geotechnical and
Geoenvironmental Engineering 131 (4), 430-441.

Surarak, C. et al. 2012. Stiffness and strength parameters for hardening
soil model of soft and stiff Bangkok clays, Soils and Foundations,
52(4), 682-697.

Vucetic M. and Member A. 1991. Effect of Soil Plasticity on Cyclic
Response, Journal of geotechnical engineering 117 (1), 89-107.



