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Abstract. The main purpose of this paper is the numerical analysis of the non-linear seismic response
of a RC building mock-up. The mock-up is subjected to different synthetic horizontal seismic excitations.
The numerical approach is based on a 3D-model involving multilayered shell elements. These elements
are composed of several single-layer membranes with various eccentricities. Bending effects are included
through these eccentricities. Basic equations are first written for a single membrane element with its own
eccentricity and then generalised to the multilayered shell element by superposition. The multilayered shell
is considered as a classical shell element : all information about non-linear constitutive relations are
investigated at the local scale of each layer, whereas balance and kinematics are checked afterwards at
global scale. The non-linear dynamic response of the building is computed with Newmark algorithm. The
numerical dynamic results (blind simulations) are considered in the linear and non linear cases and
compared with experimental results from shaking table tests. Multilayered shell eements are found to be
a promising tool for predictive computations of RC structures behaviour under 3D seismic loadings. This
study was part of the CAMUS International Benchmark.

Key words: dtructural dynamics; non linear seismic response; multilayered shells; 3D modeling; finite
element method.

1. Introduction

The andysis of the dynamic response of structures under seismic excitation can be performed
through various means at different scales. In this paper, we analyze the behaviour of a low-
reinforced concrete structure at a detailed scale considering a multilayered finite shell element. The
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experimental analysis has been performed through reduced scale tests within the framework of the
CAMUS project (CEA 1997, 1998). A prerequisite for predicting the response of the complex
systems subjected to earthquake excitation, is the comprehensive understanding of the response of
its various components by means of numerical simulations. We therefore present here the
contribution of our laboratory (LCPC, France) to this project through the numerical modeling (blind
simulation) of the non linear seismic response of the structure. This study should alow the
validation of the multilayered shell element for a specific type of loading and could lead afterwards
to various simulations for various types of structures and complex seismic excitations.

2. Seismic response of structures
2.1 Structural dynamics

The anadysis of the seismic response of structures or dynamic soil-structure interaction can be
investigated through many various numerical or experimental methods from simplified ones (Bisch
1999, Chopra 2002, Clough 1993, Fgjfar 2000, Pauley 1992, Semblat 1997) to rather complex ones
(Aouameur 1998, Ile 1998, Lin 1975, Mazars 1990, 1998, Polak 1993, Ragueneau 1998, Semblat
2002a,b, Sercombe 1998, Thomas 1995, Ulm 1993a, 1994). The main point is the efficiency of the
method in question towards its accuracy to analyze the problem. The numerical method presented
hereafter is a rather sophisticated tool mainly adapted for the analysis of complex structures under
various seismic loadings. A crucia aspect of the problem is often the precise knowledge of the
seismic loading which depends on such various phenomena as site effects (Bard 1985, Guéguen
2000, Semblat 1998a, 2000), non linear soil behaviour (Aubry 1992, Garnier 1999, Seed 1936).

2.2 The CAMUS project

The CAMUS project aims at comparing and validating the numerical tools commonly used for the
load bearing walls thanks to shaking table experiments. This project was supported by severa
French authorities and companies: Commissariat a I'Energie Atomique (CEA), Fédération
Nationale du Batiment (FNB), Plan Génie Civil and Electicité De France (EDF). The experimenta
program took place in the CEA facilities in Saclay (France) and 11 international teams (Canada,
Europe, Japan, USA) participated to CAMUS numerical benchmark through blind simulations (CEA
1997, CEA 1998). A reduced-scale model of the structure was considered and tested on the Azalée
shaking table (CEA 1997, Semblat 1999).

Other french research programs were previousy made on earthquake performance of RC
structures as for example « CASSBA » (Mazars 1998, Semblat 1999). Recent developments of the
CAMUS project also concern soil structure interaction and performance of EC8 designed structures.

3. Shaking table experiments and numerical modeling
3.1 Reduced scale model

The reduced scale (1/3rd) mode considered for the shaking table tests within the CAMUS project
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Fig. 1 Low reinforced concrete structure CAMUS on the “Azalée” shaking table (CEA)

is the mock-up of a low reinforced concrete structure (CEA 1997, Mazars 1998). This structure is
designed according to the french codes. As shown in Fig. 1, it is composed of two parallel R/IC
walls without openings, linked by 6 square floors (including the floor connected to the footing). A
heavily reinforced concrete footing allows the anchorage to a shaking table. The walls are loaded in
their own plane. The stiffness and the strength in the perpendicular direction are increased by
adding some latera triangular bracing. This system reduces the risk of failure which might be
induced by some parasite transversal motion or a non-symetric failure of the structural walls. As
shown in Fig. 1, the total mass of each floor includes the self weight of the floor and 6 additional
masses (above and under the floor) (Semblat 1999). These masses have been determined in order to
impose a hormal force to the walls compatible with the vertical stress values commonly found at the
base of such structures (i.e., scale factors of the dynamic reduced scale model).

3.2 Shaking table experiments

The RC mock-up is anchored to the « Azaée» shaking table and several experiments are
performed. Firstly, the determination of the eigenmodes of the structure is made using low level
random excitation. Afterwards, horizontal moderate and strong seismic excitations are applied on
the shaking table. The features of the dynamic loadings are given in the following sections. For the
numerical benchmark, the only information are both geometrical and mechanica features
(determined from laboratory tests on concrete specimens) as well as the first three eigenmodes of
the structure (estimated from the low level random excitation tests). From these informations, one
has to model the non linear seismic reponse of the whole structure (blind simulations).
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3.3 Numerical modeling

In this article, the moddling and anadysis of CAMUS structure are considered. A three-
dimensional model, based on a mutilayered shell element formulation, is used. This formulation
dlows to take into account material and geometrical non linear effects in the structural analysis of
shell structures subject to various loadings (Aouameur 1998, 1999). Only the material nonlinearities
are considered in this paper since geometrical ones have no significant influence in the behaviour of
such a structure. 2D models were aso considered in the study (Semblat 1998b) but are not
presented herein.

The determination of the dynamic response is made using the genera finite element code
CESAR-LCPC (Humbert 1989). The non linear response of the structure is estimated thanks to a
numerical model including multilayered finite shell elements (implemented in CESAR-LCPC). The
theoretical formulation of these elements is presented hereafter.

4. Multilayered shell element
4.1 General presentation

The multilayered shell element developed is composed of several single-layer membranes with
various eccentricities and thicknesses (Fig. 2). Bending effects are included through these
eccentricities. There are many links between local and globa scales. All information about non-
linear constitutive relations are investigated at the local scae of each layer, whereas balance and
kinematics are checked afterwards at global scale.

The main idea consists in establishing basic equations for a single membrane element with its
own eccentricity and behaviour. These equations are then generalised to the multilayered shell
element by superposition, according to specific assumptions.

Denoting Uy and Q, any vectoria fields of displacement and rotation, we make the assumption
of small perturbations. The local dynamic equilibrium, expressed as force and moment, of a shell of
thickness h moved away from the reference surface S is leading to the following equations
(Aouameur 1998, 1999):

J(BN,) , (AN)
da 9B

+ AB(q — phUo — peh€,) = 0 (1

Fig. 2 Multilayered finite shell element for the semi-global formulation: global kinematics for the shell
element with local analysis of the constitutive behaviour in each layer
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a(BM,) N d(AM;)
Jda a3

where g and m are respectively the force and moment applied by surface unit; n, and ng the local
basis vectors of the shell; N,, Ng, M, and Mg the forces (with normal and shear components) and
global moments by length unit; p and e the mass density and eccentricity of the shell; A and B the
Lamé parameters and | the dynamic moment of inertia defined by:

+AB(ng ON, +ngONg+m—1 X3 — pehUo) = 0 2)

e+h/2

= [ pCdl.

e-h/2

We consider a materia point Q at distance ¢ from the reference surface of the shell and P its
orthogonal projection on this surface. Denoting ny the norma to the mean surface, the position
vector PQ can be expressed as PQ = eny. One of the basic principles of semi-global methods (UIm
19933, Aouameur 1998, Ragueneau 1998) is to assume a constant stress state in each layer (resp.
fiber) of the multilayered shell (resp. multifibered beam) to have a simple description of the loca
nonlinear behaviour. Considering a constant stress gtate in the section of the moved single-layer
shell, the generalized forces at point P are written as functions of the curvature radii of the shell, R,
and Rg, and of the stress tensor at point Q:

N, = (o th)fh+ & mﬂ
(©)
Ny = (0 Th)lh+ S ehD
_ h® + 12e°h
My = no0(0 Chy)feh + DR, ©
My = 1 [1(0 Chy) B + 126D @

Multiplying Egs. (1) and (2) by U, and ﬁo (respectively), and after integration by parts of the
result on S we obtain the weak formulation of the dynamic balance Egs. (1) and (2), of a moved
single-layer shell:

00, @2 ~[BN, D%’dS—lANB 0dsS— [BM, Dbds [AM, Duds
S
+£AB(naDNa+nﬁDNﬁ) EQOdS+_£AB(q o+ m £)dS (5)
—[AB(phUo Do + 190 X, + pehUo [, + pehQo 0U,)dS = 0
S
This formulation is generalized to the multilayer case by superposition of n moved single-layer

shells (compatibility of the shells displacements at global scale). For a multilayer shell element, this
alows us to write the following incremental balance matricial equation:
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[MI{ &} + Z [K(CP)N{AE} = {Fod — Z {Fin(0)} « (6)
k=1n k=T, n

where { A&} is the vector of nodal parameters increase at the considered iteration.
Eqg. (6) raises the need for the computation of the tangent stiffness matrix as well as the interna
forces vector for al the layers (k = 1, n). It leads to the following expression:

> [K(CP)]« = > h[[Bli[ C*I[B] dS
k=1,n k=TI n

)
Fint = he[[B]o].d
k;n{ (O)} kZ k‘s[[ ][ 0] dS

[B]« being the matrix of the derivatives of the interpolation functions linking the nodal displacement
vector of the multilayer shell dement to the components of local strain tensor for layer k.

Shell theory dlows the use of plane stress assumption for the multilayer shell. This assumption
states that the stress norma to the reference surface of the shell is zero. It is then necessary to fulfill
this assumption in every single layer of the multilayer shell. A particular treatment of Egs. (7a) and
(7b) is needed for the computation of stresses as well as the tangent behaviour matrix [C*] at the
local scale of each layer.

4.2 Plane stress condition

For the integration of stresses, one considers a locd iterative scheme (Ortiz 1986) alowing the use
of various condtitutive laws with interna variables. Whatever the condtitutive law is, the
computation of stresses is performed the same way (Aouameur 1998, 1999). For sake of simplicity
in the presentation, one considers here the case of perfect plasticity. The stress tensor for the loading
increment n at an integration point of layer k of the shell can be expressed as:

On+1 = 0-n'l'C:(Asn+l_AA&agn+l) with dagn+l: gg (8)
n+1
g, is the total strain increment, g and AA the plastic potential and multiplier (respectively).
Then, one defines a statically admissible tensor @, ; such as:

*

On+1 = C:Asn+l+o-n (9)

Afterwards, one takes this stress tensor to verify the criterion, that is f(o,,,)<0. If this
condition is fulfilled, the statically admissible stress state is then located out of the loading surface;
it is then necessary to make a plastic correction by projecting this stress state onto this surface. For
this projection, one must verify both conditions on the criteria as well as for the plane stress
assumption (that is. ny - 0,41 - Np = 0). This god is reached thanks to a local iterative scheme, in
which f is linearized at each iteration (k) and a plagtic correction is computed:

(K _ g(k=1) (k=1). 5 (K
fn+1 _fn+l +aafn+1 :00

=190 - A0, 105010, = 0 (19
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The stress state obtained here is then corrected to satisfy the plane stress assumption (Aouameur
1998):

o, = o P -62¥C:a, g%} —dlag[— ﬂ 1}5‘“‘) (12)

v is the Poisson’s ratio and 56(k’ the increase of @, for the plane strain solution. One
performs local iterations until the criteriais below a given limit: \fnﬂ < TOL\ fn+1\

As for the integration of stresses, the plane stress assumption must be satisfied during the
computation of the elastoplastic behaviour tensor used for the determination of the tangent rigidity
matrix (74). Therefore, we use a method proposed by De Borgt (1991). Considering the stress tensor
for the loading increment (n + 1) under the following vectoria form:

{G}ni = {0} + [C¥]nus {Ag}y (12)

where [C®] is the matrix representing the congtitutive tangent tensor which is not taking into
account the plane stress assumption.

The method proposed by De Borst considers the decomposition of the terms of Eqg. (12) as
follows:

ep: e
{d = {3, 0.':{28 =[{28, A, and [CT] = [[Cf] [Clg]] (13)
[cal (2

The plane gtress condition ng - G;,41 - Ny = 0 alows the computation of the strain increment (A&,)n+1
through the following relation:

(8&,2)1.1 = H(CR)naa((CRneaf B8 o1+ (0),) (14)
Introducing Egs. (13) and (14) in (12), it gives.

{5}n+l = {a}n+[éep]n+l{AE}n+1 with

- e + Ce +
[Cep]n+l — |:[C§1 n+1_[ 1g]n l[ 2:Fl)]n 1
(CZZ n+1

(15)

The expression of the elastoplastic constitutive matrix meeting the plane stress condition is then
obtained through Eq. (15).
5. Analysis of the seismic response of the structure

5.1 General description

As shown in Figs. 1 and 3, the structure considered for the CAMUS international benchmark is

composed of two parallel R/C walls without openings, linked by 6 sguare floors. Since there is a
lateral bracing system, the parasite transversad motion should be very small and non-symetric failure
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Fig. 3 Schematic of the Camus structure and members (left) and description of the reinforcements in the walls
(right)

Table 1 Steel reinforcement at the level of each floor (CEA 1997)

Floor Side of the walls Central reinforcement
Level 6 ®4.5 = 15.9 mm? No reinforcement
Levd 5 ®4.5 = 15.9 mn?? 45 = 78.4 mn?
Levd 4 ®6 = 28.3 mm? 45 = 78.4 mn?
Level 3 ®6 + O8 + P4.5 = 94.4 mm? 45 + 2d4.5 = 110.2 mnv?
Leve 2 206 + 208 + 2d4.5 = 188.9 mm? 4D5 + 2045 + ©6 = 138 mm?
Leve 1 498 + 206 + 2d4.5 = 289.4 mm? 405 + 245 + O6 = 138 mm?

of the structural walls should be avoided. Both 2D and 3D modeling have then been considered in
the study (Semblat 1998b) but the 2D results are not presented in this paper. All the data concerning
the geometry, the material properties, the members are given in the Camus Benchmark Report
“Mock-up and loading characteristics’ (CEA 1997). As depicted in Fig. 3 (right) and detailed in
Table 1, the mock-up has been reinforced considering the French PS92 seismic design code. New
studies are in progress in the framework of the CAMUS project to take into account the EC8 code.

5.2 Preliminary modal analysis
The model is mainly built considering the moda properties of the structure (first three eigenmodes

estimated from low level random excitation). The first experimental frequency of the mock-up was
measured before the first tests equal to 7.24 Hz, the second one to around 33 Hz (in-plane bending)
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and the first vertical eigenmode has a natural frequency equal to 20 Hz. The numerical analysis

starts from this point and non linear materia properties are introduced afterwards.

Since the mass of the structure is rather large (36 tons), one has to include in the model the
shaking table itself as well as its supports (vertical springs). We consequently consider two complete

modds (2D and 3D) as depicted in Fig. 4 in the 3D case (dtructure + shaking table + vertica

slab
foundation

bracing syst.

shaking table

~.»N,V,vb\vb;,
KKK,

NANNAJ

supports

Fig. 4 Schematic of the complete model (table + structure + springs)

EEE=aR=S

Fig. 5 First three eigenmodes of the table/structure system for both 2D and 3D models
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springs). It is mainly composed of multilayered shell elements, tridimensional block and beam
dements. The boundary condition concerns the centre of gravity which is fixed in the horizonta
direction to avoid the free body motion of the structure. In the computation, the value of the
stiffness of the four table vertical springs (Fig. 4) is K = 3.0 10°N/m.

The three first eigenmodes of the complete three-dimensional mode (structure + shaking table)
are given in Fig. 5. The first eigenmode corresponds to in-plane bending, the second one to pure
vertica motion and the third one to another in-plane bending mode. The corresponding
eigenfrequencies are the following :

e 2D case: 7.75 Hz, 20.43 Hz and 33.82 Hz,

» 3D case: 7.65Hz, 19.58 Hz and 33.25 Hz.

The numerical results obtained are satisfactory and close to the experimental ones. The
eigenfrequencies have a little discrepancy and the corresponding percentages of error are smal :
7.0%, 2.0%, 24% (2D) and 5.6%, 2.1% and 0.07% (3D). For the non linear numerica
computations, we have chosen both types of model (2D and 3D). Only the results obtained with the
latter will be presented here to show the accuracy of the multilayered shell elements for this specific
type of loading.

5.3 Linear dynamic response

The seismic response of the structure is firstly estimated in the linear case using the moda
superposition method (Bisch 1999, Clough 1993). This response will be compared afterwards to the
one obtained in the non linear case considering the multilayered shell element. The 3D linear mode
involves 5871 nodes and 1548 elements (linear shdlls, tridimensional blocks, springs (table supports)
and beam elements).

Two different excitation signas are considered (CAMUSL7 and CAMUSI19) corresponding to
acceleration levels of 0.40g and 0.71 g. These acceleration signals are representative of the French
design spectrum with the characteristics of a far field record. These signals are depicted in Fig. 6
and correspond to the horizontal acceleration applied to the shaking table. The loading of the
structure is then equivalent to a rigid base motion. We then have considered a volumic density of
force in the horizonta direction having the same variations in time than the applied acceleration.
Inertial forces are directly involved in the computation giving the response to horizontal rigid base
motion (Clough 1993). For the computation, 1200 time steps of At = 0.01 s are considered.

camusl7 A 3 camus19

acceleration

6 8 10 12 14 16 08— 8 10 12 14 16
time (s) time (s)
Fig. 6 Acceleration signals used in the shaking table tests
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Table 2 Eigenfrequencies and effective modal masses

Mode number Ei gﬁ: Zf)req. Effectwe(gz;)dal mass
1 7.75 41.59%
2 2043 0.000%
3 33.82 10.18%
4 58.42 0.272%
5 63.62 0.000%
6 90.53 2.791%
7 129.71 0.000%
8 131.17 0.824%
9 164.13 0.444%
10 174.94 0.027%

Fig. 9 gives the horizontal displacement at the top of the structure obtained by moda
superposition for the two acceleration signds (CAMUSL7 and 19). It can be seen that this
displacement increases with the signa magnitude. In fact, for CAMUS17, the maximum
displacement is about 1.2 cm, whereas for CAMUSIY9, it is worth 5 cm. The linear modal response
is compared afterwards with the non linear one. Table 2 gives the effective modal masses from the
modal superposition computations (Clough 1993). Two modes are mainly contributing to the
dynamic response of the structure : the first and the third ones with respective effective modal mass
of 41% and 10%. The contribution of each of the other ten first modes to the dynamic response is
actually negligible.

6. Non linear seismic response
6.1 Multilayered shell model

Fig. 7 shows the meshing of the three-dimensional model used in the non linear analysis. It is
composed of multilayered shell elements, tridimensional blocks, springs (table supports) and beam
dements. Because of the symmetry, only half of the structure is modelled. The 3D nonlinear model
involves 1194 nodes and 906 elements. We consider here the same loadings than in the linear case
(CAMUSL17 and 19, Fig. 6). A macroscopic model (the Willam-Warnke model with 3 parameters)
coupling plagticity with damage is used for modeling the non-linear behaviour of concrete (Willam
1973, Ulm 1993a). For the computation, 6000 time steps of At = 0.002 s are considered.

6.2 Constitutive law for concrete

The multilayered shell element alows the use of different constitutive laws in each layer. For the
model presented in Fig. 7, the behaviour of concrete is considered through Willam-Warnke
condtitutive model with 3 parameters (Aouameur 1998, Ulm 1993a, 1994, Willam 1973). This
criterion is depicted in Fig. 8 in the T — o plane as well as in the deviatoric plane. It is close to
Drucker-Prager criterion but adapted to concrete for low hydrostatic pressures. The elasticity domain
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Seismic
/ excitation
Fig. 7 Finite element mesh (non linear case)
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Fig. 8 Willam-Warnke criterion with 3 parameters in r—o plane

is a cone with a non circular section bounded by portions of an ellipsis between two meridians. The
damage processes are also very important for the analysis of the behaviour of concrete (Mazars
1990). The extension of the Willam-Warnke model to damaging plasticity was proposed by Ulm
(19933, 1994). For the non linear computations, we consider this formulation of Willam-Warnke
model. Some recent researches give another type of generalization of this model describing viscous
hardening for the analysis of the fast dynamic behaviour of concrete (Sercombe 1998).

For the present analysis, the concrete walls are modelled with multilayered finite shell elements
with 8 layers within their thickness. The influence of the number of layers in the shell has been
studied in details by Aouameur (1998) and, to make an optimal choice, one has to recover the
globa flexural inertia of the shell as well as the whole stress state. Following the French PS92
seismic code, some few reinforcements (bars) are connected to the walls (CEA 1997, Quéval 1998)
as depicted in Fig. 3 and synthetized in Table 1. For the non-linear behaviour of concrete in these
multilayered shells, one considers the Willam-Warnke model with 3 parameters coupling plasticity
with damage. The values of the constitutive parameters are chosen as follows:
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* mass density = 2400 kg/m?®

* Young's modulus = 28000 MPa

* Poisson’s ratio = 0.2

» thickness of the wall = 0.06 m

» compression strength F. = 30 Mpa

* tensile strength F; = 2.5 Mpa

» biaxial compressive strength F,. = 33 MPa
e yield strength A, = 1

* ultimate strength B, = 0.01

» softening factor = 7500

* damaging factor = 5000

* ultimate Young modulus E;ime = 28 Mpa

6.3 Non linear dynamic response and frequency drop

Fig. 9 gives the horizontal displacement at the top of the structure for the two acceleration
sgnals: CAMUSL7 and 19. The non linear dynamic response (blind simulation) obtained is
compared to the linear one. These responses coincide during the first time steps and there is
afterwards a large discrepancy when non linear effects due to concrete cracking appear. It shows the
influence of loca damage on the dynamic response of the whole structure. It leads to a strong
increase of the period of vibration of the structure, that is a frequency drop (Ulm 1993b). For
CAMUSIY, the values are as follows:

* linear case: the main frequency in the response signal is 7.62 Hz which very close to the first

eigenfrequency of the system,

* nonlinear case: the fundamental frequency of the dynamic response is 2.25 Hz showing a very

large softening of the structure for such a strong motion.

Since the seismic loading is an in-plane excitation, some comparisons were made between 2D and
multilayered shell model for the non-linear response (Semblat 1998b, 1999). The agreement
between both solutions is very good, the 2D model giving nevertheless displacements a little bit
smaler than in the 3D case. The advantage of the multilayered shell formulation is to alow any
other type of 3D selsmic excitation (out of plane, torsion...).

0.015 0.06
non linear non-linear

/E\ 0.01F linear 004 ... linear
£ 0005 0.02
23
kS 0 0
=
S -0.005 -0.02}
5 .001] oal
= CAMUS17 0.04

-0.015 L . -0.06

6 8 10 12 14 16 6 8 10 12 14 16
time (s) time (s)

Fig. 9 Horizontal displacements at the top of the structure in both linear and non linear cases
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Fig. 10 Horizontal displacement at each level of the structure (CAMUSLY9, 0.71 g)

6.4 Dynamic response at each level

Fig. 10 gives the computed horizontal displacements at each level of the structure for seismic
excitation CAMUS19 (0.71 g). For each signd, the frequency drop estimated earlier can be noticed.
The displacement at level 1 is very small and it increases rather fastly for levels 2 and 3 showing
that the non linear dynamic response of the structure is qualitatively rather different from its first
eigenmode mainly governing the linear response. For the nonlinear dynamic responses of Fig. 10,
the maximum displacements at the top is 0.025 m, 0.020 m for level 5 and 0.015 m for level 4. For
the first levels, the displacements are much smaller and we will analyze in the next subsection the
corresponding strains.

6.5 Vertical strains at each level

Since the nonlinear strains may appear at the first levels, we display in Fig. 11 the vertica strains

X6 vertical strain

_______ s ;

A /\/\/\M\MA /\f\[\/\f\r\/\/\M A

_______ Xif: UVVVVU v
X3

"""""" ' My )\r\ AAAA(\[\A/\A hy
_______ x|/ ) | VUU VY
0.002:
X1 i YN MM\I\ I\ﬂ/\r\ /\{\[\ A AL A
[ A’%VV‘UVVV\JUUV\)UV\}VVUW\/\,‘I 7
0002, 6 8 10 12 14 16 18
time (s)

Fig. 11 Vertical strain g, at each level of the structure (CAMUSLS, 0.71 g)
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on the latera part of the walls versus time for the seismic excitation CAMUS19 (0.71 g). As shown
by the vertical dtrain at level 1, the damaging of the structure at this level appears at the beginning
of the loading. Beforet = 7's, the vertical strain at levels 2, 3 and 4, remains very small. At level 2,
the increase in vertical strain (plastic strain) is significant between 7 and 8 s and above 8 s for level
3. The vertical strain at level 4 remains very small when compared to the other levels and it seems
that there is no plagtic strain at level 4. We will see afterwards computed plastic strain patterns and
mock-up actual crack patterns.

7. Comparisons with experiments
7.1 Non linear dynamic response : humerical vs experimental results

To anayze the accuracy of the multilayered finite shell element, we compare the numerical results
from the blind simulations made for the benchmark to the fina experimental results given
afterwards to the participants (CEA 1998). For the seismic excitation CAMUS19 (0.71 g), Fig. 12
gives the top horizontal displacements for the experiments and the 3D computations (original blind
smulation). First of all, the frequency-drop is very well reproduced showing a strong lengthening of
the period of the dynamic response. Secondly, the larger displacement peaks are very well recovered
in the negative part of the curve. Thirdly, the computed top displacement till underestimates the
actual response. This is mainly due to the fact that the same mock-up was used for low and
moderate excitation experiments first (CAMUS02/0.24 g and CAMUSL17/0.40 g) and this loading
history was not taken into account in the numerical model. Considering this drawback of the mode,
the comparison between the experimental results and the blind simulation results is very satisfactory
in terms of frequency-drop as well as maximum displacement peaks. The multilayered finite shell
eement could then be used for future simulation with other types of excitations.
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Fig. 12 Measured and computed top horizontal displacements (CAMUS19)
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7.2 Analysis of plastic strains and comparison with crack patterns

Fig. 13 gives the plastic dtrain isovalues at time t = 11 s for the two acceleration signals:
CAMUSL7 and 19. These isovalues show the increase of plastic strains with the signal magnitude.
For the first acceleration signa (CAMUSL7, 0.40 g), only the first level and the bottom of the
second one have significant plastic strains on their lateral parts. For the strongest accelerogram
CAMUS19 (0.719g), the three first levels show large plastic strain corresponding to a strong
damaging of the concrete. This results is in good agreement with the vertical strain curves given in
the previous section : no plastic strain appears above level 3.

It is possible to make a qualitative comparison between the computed plastic strains isovalues
(Fig. 13) and the actual crack pattern observed for Camus 19 test (Fig. 14). On both figures, plastic
strains as well as cracking are large for the two first levels. Computed plastic strains and observed
cracks are mainly located on the lateral parts of the wals and are larger near the corners. From the
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Fig. 13 Plastic strains at time t = 11s (Camus 17 and 19)

Right wall

Fig. 14 Crack pattern on both left and right walls after Camus 19 test (CEA, 1998)
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qualitative point of view, the numerical computations give a good idea of the local plastic strain
distribution at the two first levels. As found in both numerical and experimental results, plastic
strains and damage are small for the three top levels.

8. Conclusions

In the CAMUS project, the seismic response of a building was studied through shaking table tests
on a reduced-scale model (CEA 1997, Quéval 1998). The contribution of the LCPC to the
numerical benchmark of the project (blind simulation) has been made considering a multilayered
shell modd.

Numerical results obtained through non linear dynamic response clearly show the efficiency and
accuracy of the proposed multilayered shell element formulation for this simple in-plane type of
excitation. This formulation alows the computation of the non linear dynamic response of complex
three-dimensional structures under severe seismic loadings. Furthermore it is made in a generd
frame and one can choose any consgtitutive law for the different materials (Aouameur 1998, 1999).
In this paper, computations under seismic loading were performed considering, for the concrete, a
constitutive model within the frame of damaging plasticity. The numerical results (blind simulation)
obtained with the multilayered shell formulation are satisfactory when compared to experimenta
results from shaking table tests. Furthermore they give interesting and redlistic information about the
global and local behaviour of the structure.

Comparisons between the numerical results obtained by the different participants with various
numerical methods were proposed by the CEA (CEA 1998). Detailed numerical results are aso
given in (Ragueneau 1998, lle 1998).
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