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Stéphane Grange1, Panagiotis Kotronis2, Jacky Mazars1

1 Laboratoire Sols, Solides, Structures - Risques (3S-R) UJF/INPG/CNRS UMR 5521
Domaine Universitaire BP 53 38041 Grenoble cedex 9, France
Stephane.Grange@ujf-grenoble.fr, Jacky.Mazars@grenoble-inp.fr

2 Research Institute of Civil Engineering and Mechanics (GeM), UMR CNRS 6183
Ecole Centrale de Nantes, 1 rue de la Noë, BP 92101, 44321 Nantes Cedex 3, France
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Abstract. This paper presents a simplified modelling strategy aimingat simulating the dynamic
behaviour of reinforced concrete (RC) structures considering Soil-Structure Interaction (SSI). The
presentation of a non linear interface element able to compute SSI by simulating a rigid shallow
foundation is carried out. The new element is based on the “macro-element” concept. The founda-
tion of the structure is supposed infinitely rigid and its movement is entirely described by a system
of global variables (forces and displacements) defined in the foundation’s centre [Grangeet al. ,
2008], [Grangeet al. , 2009]. This SSI element is available in various finite element codes (e.g.
FEDEASLab or Cast3m). It can be coupled with multifiber Timoshenko beam elements to simulate
the behaviour of the RC upper structure. The use of macro-elements combined with multifiber beam
elements allows mitigating vulnerability of structures and evaluating the displacements that occur
during an earthquake. Validation of the proposed modellingstrategy is provided using experimental
results.
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1 Introduction

In civil engineering, boundary conditions have to be correctly modeled in order to repro-
duce numerically the non linear behavior of a structure. Soil-Structure Interaction (SSI)
can not be neglected. This is particularly true for slender structures like tall buildings or
bridge piers. Their behavior is different whether the structure is on a solid rock or on a
soft soil.
However, simulating SSI often necessitates the use of detailed and complex 3D finite
element models for the soil and the structure, leading to a great number of degrees of



freedom and thus to significant computational costs. This isthe reason why various sim-
plified modelling strategies have been recently developed.
The macro-element concept was applied for the first time in geomechanics in [Novaet al.
, 1991]. It consists in condensing all nonlinearities into afinite domain and works with
generalized variables (forces and displacements) that allow simulating the behaviour of
shallow foundations in a simplified way. The macro-element developed in [Grangeet al.
, 2008], [Grangeet al. , 2009] is inspired from [Crémeret al. , 2002] and it reproduces
the behavior of a 3D shallow foundation of circular, rectangular or strip shape, submitted
to cyclic or dynamic loadings. It takes into account the plasticity of the soil and the uplift
of the foundation. A brief outline of the formulation of the macro-element follows.

2 Mathematical description of the macro-element

The associated generalized variables (displacement and force vectors) are dimensionless.
They are defined hereafter (for anya, a′ defines the corresponding dimensionless vari-
able): vertical forceV ′, horizontal forcesH ′

x, H ′

y and momentsM ′

x, M ′

y, but also the
corresponding displacements, vertical settlementu′

z, horizontal displacementsu′

x, u′

y and
rotationsθ′x, θ′y. Torque moment (M ′

z) is not taken into account (figure 1).
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Figure 1: Generalised variables: (a) forces and (b) displacements for a rectangular foun-
dation.

The elastic part of the constitutive law is defined asF = K
el
u

el, where the displacement

u
el and force vectorsF are dimensionless. The elastic stiffness matrixK

el is calculated
using the real part of the static impedances. It is considered diagonal, i.e. there is not
coupling between the different directions of the loading.
The failure criterion for the plasticity mechanism is defined for an overturning mechanism
with uplift [Salençonet al. , 1995]. The adaptation in 3D is done by adding the two terms
related with the horizontal force and moment according to the other axis and assuming
axial symmetry. One finally obtains the following 5D surface:



fc (F, τ , ρ, γ) ≡
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The coefficientsa, b define the size of the surface in the planes(H ′
− M ′). c, d, e andf

define the parabolic shape of the surface in the planes(V ′
− M ′) and(V ′

− H ′). Theses
parameters can be fitted to different experimental results found in the literature.τ =
[α1, α2, α3, α4] is the kinematics hardening vector composed of 4 kinematicshardening
variables andρ the isotropic hardening variable. The variableγ is chosen to parametrize
the second intersection point of the loading surface with the V ′ axis and its evolution
along theV ′ axis. The evolutions of the hardening variables are obtained considering
experimental results and numerical simulations of foundations under cyclic loadings from
the model of Crémer [Crémeret al. , 2002].
An evolution of this variables linked to the distance∆ between the loading point and the
failure criterion leads to a perfect tangency of the loadingsurface and the failure crite-
rion without any interpenetrations between the surfaces (see figure 2 where, for instance:
H⋆ = H′

aV ′c(1−V ′)d ).
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The failure criterion is given by equation (1) considering(α1, α2, α3, α4, ρ, γ) = (0, 0, 0, 0, 1, 1).



The flow rule used is associated in the
(

H ′

x, M ′

y, H
′

y, M ′

x

)

hyperplane and non associated
in the(H ′

x, V ′),
(

M ′

y, V ′
)

,
(

H ′

y, V ′
)

, (M ′

x, V ′) planes.
Uplift behavior can be treated with a non-linear elastic mechanism following theM − θ

relationship proposed by Crémer. A Newton algorithm solver is computed in order to
solve the three non-linear equations system governing the uplift mechanism. Let’s remind
that uplift mechanism is essential for computing a negativevertical displacement of the
center of the foundation. For further details see [Grangeet al. , 2009].

3 Numerical results

A model using Timoshenko multifiber beams [Kotroniset al. , 2005], [Mazarset al. ,
2006] and concentrated masses is chosen to reproduce the structure (3). Six beam ele-
ments are used for the piles P1 and P3 and nine elements for thepile P2. The mesh is
refined at the base of the piles where damage tends to be important. 40 concrete fibers
and 80 steel fibers (representing the reinforcement bars at their actual position) are used
in each section. Details of the model are provided in [Grangeet al. , 2010]. Concrete is
simulated using a uniaxial damage mechanics law [La Borderie , 1991] and steel with the
classical Menegoto Pinto model [Menegotoet al., 1973].The desk being from prestressed
concrete, its behaviour is assumed linear and it is discretised using linear beam elements.
The loading is applied according to thez axis. Calculations are made with FEDEASLab,
a finite element MATLAB toolbox [Filippouet al. , 2004].

Figure 3: Viaduct - SSI: model using multifiber beam elementsand concentrated masses.

Rectangular shallow foundations are numerically introduced at the base of each pile in two
different ways, via macro-elements or linear springs. The dimensions of the foundations
are:Lz = 4.2m, Ly = 2.1m. The stiffness of the springs is such that they accumulate the
same energy as the non-linear SSI macro-element. A class B soil is considered according
to the Eurocode 8 classification. Its characteristics are given in table 1.
Numerical results are presented in 4. Three types of boundary conditions are considered:
linear springs (EL), macro-element (ME) and embedded (Fixed). Results are similar in
terms of internal forces. Nevertheless, maximum displacements at the top of the piles
are found significantly increased (multiplied by 2) for the cases considering SSI (EL and



Table 1: Viaduct - SSI: Characteristics of the class B soil.

soil Shear cohesion c Stiffness and ultimate
modulusG0 and friction damping bearing
velocityVs angleφ stressqmax

Class B Vs = 360m/s cu = 370kPa Kθθ = 144484.1MNm/rad qmax = 2100MPa
soil G0 = 259.2MPa φu = 0 Kzz = 1845.5MN/m

Khh = 2260.2MN/m
Cθθ = 23.17MNms/rad
Czz = 3.61MNs/m
Chh = 2.95MNs/m

ME). Non-linearities are concentrated principally at the base of each pile. In other words,
the resisting moment of concrete guides the behavior of the structure. The resisting force
of the pile is reached before the resisting moment of the system soil+foundation. The
procedure is similar as if the piles were embedded in the soil, except for the displacements
that are amplified.
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Figure 4: Viaduct - SSI: comparisons of the displacements, moments, shear forces for a
class B soil.
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La Borderie C., Phénomènes unilatéraux dans un matériau endommageable: modélisation
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