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Abstract. This paper presents a simplified modelling strategy ainaihgimulating the dynamic
behaviour of reinforced concrete (RC) structures consideBoil-Structure Interaction (SSI). The
presentation of a non linear interface element able to coen&! by simulating a rigid shallow
foundation is carried out. The new element is based on theroraelement” concept. The founda-
tion of the structure is supposed infinitely rigid and its mment is entirely described by a system
of global variables (forces and displacements) definederfalindation’s centre [Grangz al. ,
2008], [Grangeet al. , 2009]. This SSI element is available in various finite eletr@des (e.g.
FEDEASLab or Cast3m). It can be coupled with multifiber Tilmeisko beam elements to simulate
the behaviour of the RC upper structure. The use of macroarits combined with multifiber beam
elements allows mitigating vulnerability of structureslavaluating the displacements that occur
during an earthquake. Validation of the proposed mode#itnategy is provided using experimental
results.

keyword: foundation; plasticity; uplift; macro-element; soil stture interaction; RC walls.

1 Introduction

In civil engineering, boundary conditions have to be cdiyemodeled in order to repro-
duce numerically the non linear behavior of a structurel-Swucture Interaction (SSI)

can not be neglected. This is particularly true for slenderctures like tall buildings or

bridge piers. Their behavior is different whether the dneesis on a solid rock or on a
soft soil.

However, simulating SSI often necessitates the use oflddtand complex 3D finite

element models for the soil and the structure, leading toeatgnumber of degrees of



freedom and thus to significant computational costs. Thisdgeason why various sim-
plified modelling strategies have been recently developed.

The macro-element concept was applied for the first time @mggehanics in [Novat al.

, 1991]. It consists in condensing all nonlinearities intfiniée domain and works with
generalized variables (forces and displacements) thaw aimulating the behaviour of
shallow foundations in a simplified way. The macro-elemaviedbped in [Granget al.

, 2008], [Grangeet al. , 2009] is inspired from [Crémest al. , 2002] and it reproduces
the behavior of a 3D shallow foundation of circular, rectalag or strip shape, submitted
to cyclic or dynamic loadings. It takes into account the fitéty of the soil and the uplift
of the foundation. A brief outline of the formulation of theanro-element follows.

2 Mathematical description of the macro-element

The associated generalized variables (displacement acel fectors) are dimensionless.
They are defined hereafter (for any«’ defines the corresponding dimensionless vari-
able): vertical force/’, horizontal forcesH,,, H, and moments\/;, M, but also the
corresponding displacements, vertical settlemgnhorizontal displacements, , u; and

rotationst;,, ¢, . Torque momentX/?) is not taken into account (figure 1).

(@) (b)

Figure 1: Generalised variables: (a) forces and (b) digptents for a rectangular foun-
dation.

The elastic part of the constitutive law is definedias- K*'u®!, where the displacement

u®! and force vector¥ are dimensionless. The elastic stiffness maikR is calculated
using the real part of the static impedances. It is consitidi@gonal, i.e. there is not
coupling between the different directions of the loading.

The failure criterion for the plasticity mechanism is defifier an overturning mechanism
with uplift [Salencoret al. , 1995]. The adaptation in 3D is done by adding the two terms
related with the horizontal force and moment according dther axis and assuming
axial symmetry. One finally obtains the following 5D surface
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The coefficients:, b define the size of the surface in the plaf&s — M'). ¢, d, e and f
define the parabolic shape of the surface in the planés- M’) and(V’ — H’). Theses
parameters can be fitted to different experimental resoltsd in the literature.r =
[, a, a3, ay] is the kinematics hardening vector composed of 4 kinemhtcdening
variables ang the isotropic hardening variable. The variables chosen to parametrize
the second intersection point of the loading surface withith axis and its evolution
along theV’ axis. The evolutions of the hardening variables are obthamnsidering
experimental results and numerical simulations of fouiodatunder cyclic loadings from
the model of Crémer [Crémet al. , 2002].
An evolution of this variables linked to the distansebetween the loading point and the
failure criterion leads to a perfect tangency of the loadingace and the failure crite-
rion without any interpenetrations between the surfaces figure 2 where, for instance:

* __ H
H* = Spetizvmya)-

H* — MK

loading surfacef,.

Figure 2: Definition of the distanca in hyperplan(H;, M}, Hy, M}).

The failure criterion is given by equation (1) considerfng, aa, a3, aq, p,v) = (0,0,0,0,1,1).



The flow rule used is associated in t#/,, M, H,, M) hyperplane and non associated
inthe (H,, V"), (M}, V'), (H],V'), (M, V') planes.

Uplift behavior can be treated with a non-linear elastic haadésm following thelM — 6
relationship proposed by Crémer. A Newton algorithm solgecomputed in order to
solve the three non-linear equations system governinggtié mmechanism. Let’s remind
that uplift mechanism is essential for computing a negatertical displacement of the
center of the foundation. For further details see [Grasige. , 2009].

3 Numerical results

A model using Timoshenko multifiber beams [Kotroetsal. , 2005], [Mazarst al. ,
2006] and concentrated masses is chosen to reproduce tlotustr (3). Six beam ele-
ments are used for the piles P1 and P3 and nine elements fpil¢hB2. The mesh is
refined at the base of the piles where damage tends to be mmport0 concrete fibers
and 80 steel fibers (representing the reinforcement balgeatactual position) are used
in each section. Details of the model are provided in [Graatgé. , 2010]. Concrete is
simulated using a uniaxial damage mechanics law [La Boeddr®91] and steel with the
classical Menegoto Pinto model [Menegetal., 1973].The desk being from prestressed
concrete, its behaviour is assumed linear and it is disgétiising linear beam elements.
The loading is applied according to theaxis. Calculations are made with FEDEASLab,
a finite element MATLAB toolbox [Filippowt al. , 2004].
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Figure 3: Viaduct - SSI: model using multifiber beam elemamis concentrated masses.

Rectangular shallow foundations are numerically intredlet the base of each pile in two
different ways, via macro-elements or linear springs. Tingedisions of the foundations
are:L, = 4.2m, L, = 2.1m. The stiffness of the springs is such that they accumulate th
same energy as the non-linear SSI macro-element. A clasi iB sonsidered according
to the Eurocode 8 classification. Its characteristics arergin table 1.

Numerical results are presented in 4. Three types of boyruenditions are considered:
linear springs (EL), macro-element (ME) and embedded (Hix®esults are similar in
terms of internal forces. Nevertheless, maximum displasgmat the top of the piles
are found significantly increased (multiplied by 2) for tlases considering SSI (EL and



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

soil Shear cohesion ¢ Stiffness and ultimate
modulusGo and friction damping bearing
velocity Vi angle¢ stressymaq
ClassB V, = 360m/s ¢y = 370kPa Ko = 144484.1MNm/rad  ¢maz = 2100M Pa
soil Gy = 259.2M Pa ¢y =0 K.. =1845.5MN/m

Kppn = 2260.2MN/m

Coo = 23.1TM Nms/rad

C,, =3.61MNs/m
Chpyp = 2.95MNs/m

ME). Non-linearities are concentrated principally at tlasé of each pile. In other words,
the resisting moment of concrete guides the behavior oftthetsire. The resisting force
of the pile is reached before the resisting moment of theegystoil+foundation. The

procedure is similar as if the piles were embedded in theexdlept for the displacements

that are amplified.

Disp at the top of the Piers P1-P3

Moment at the base of the Piers P1-P3

0.1 6000 E——i
ME
__ 4000 Fixed
g
Z 2000
=
E 0
£ 2000
=
-4000
-0.1 3 > 3 -6000 > y
Time [s] Time [s]
Disp at the top of the Pier P2 Moment at the base of the Pier P2
0.1 4000
— — —EL
0.1 3000 ME
Fixed
0.05 E 2000
g Z 1000
o -
2£-0.05 g 0
r S.
0.1 L EL < -1000
-0.15 ME -2000
Fixed
,()'20 -3000

2
Time [s]

Figure 4: Viaduct - SSI: comparisons of the displacementsnents, shear forces for a

class B soil.
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