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ABSTRACT: Different type of analytical models exist to describe the non-linear behaviour of reinforced
concrete structures. Based on the level of discretisation, they are often classified as refined or simplified ones.
The reliability and the efficacy of the different classes of models in describing the global and the local behav-
iour of lightly RC structural walls subjected to seismic loadings are investigated in this paper. The results of
an experimental campaign carried out as a part of the CAMUS 2000 research program are used as a refer-

ence.

1 INTRODUCTION

Reinforced concrete bearing walls with limited rein-
forcement ratios are commonly used in France and
other European countries for building structures. Re-
search up to date on this type of walls (e.g.
CASSBA, CAMUS programs) has shown that such
kind of constructions exhibited good behaviour un-
der seismic loading, although their ductility might
be limited due to the light reinforcement and the
large wall regions having practically no reinforce-
ment (Mazars 1998). Results of these research pro-
grams highlighted some unconventional mechanisms
of earthquake resistance, such as the rigid block-type
rotations of the walls (or part of) that take place at
the interface between the foundation and the soil or
at the level of cold construction joints. Consequenc-
es of this behaviour mechanism are the high fre-
quency vertical vibrations excited in the walls due to
the opening and closing of wide horizontal cracks,
the conversion of part of the seismic energy into po-
tential energy, etc.

On the other hand, in case of real structures such
walls are likely to be loaded in the out of plane di-
rection as well. Due to the out of plane loading, ad-
ditional fluctuation of the axial force may arise and
more damage is to be expected since cracks may not
completely close at load reversal. It is clear that all
these effects are hard to quantify within the frame-
work of conventional elastic seismic analysis. Relia-
ble numerical tools become more than necessary to
assist engineers in the design phase.

Many analytical models have been proposed up
to date for the non-linear analysis of reinforced con-
crete structures. They range from very refined and

complex local ones to simplified global models. The
level of refinement is usually correlated to the di-
mension of the problem. Refined analytical models
are typically used in predicting the response of small
structures or substructures, whereas simplified glob-
al models are useful for the dynamic response analy-
sis of large structures.

In this paper the performance of both refined (a
3D finite element thin shell modellisation based on
the use of shells, bars and solid elements) and sim-
plified models (a fibre model and a beam model
with multiple integration points) is evaluated by
comparing the numerical with the experimental re-
sults of a five-storey lightly reinforced concrete wall
submitted to dynamic loading. This experimental
campaign was performed within the CAMUS 2000
research program presented hereafter.

1.1 The CAMUS 2000 research program

The 3-years combined experimental and numerical
research program CAMUS 2000 was launched in
1998 with the aim of evaluating the effects of tor-
sion and the behaviour of lightly reinforced walls
subjected to bi-directional motions.

As a part of the program two scaled (1/3) models
representative of a five-storeys reinforced concrete
building (Fig.1) have been tested on the major
Azalee shaking table of Commissariat a I’Energie
Atomique (CEA) in the Saclay Nuclear Centre. The
first structure (CAMUS 2000-1) has been subjected
to a horizontal bi-directional excitation. A set of ac-
celerograms was applied at increasing amplitude (ef-
fective acceleration equal to 0.15g, 0.22g, 0.25g,
0.40g, 0.55g and 0.65g). Structural stiffness was



provided by two identical shear walls in one direc-
tion and a steel bracing system in the orthogonal di-
rection. For the second test (CAMUS 2000-2), an in
plane excitation was applied. A torsional response
was caused by the asymmetry in the horizontal di-
mensions of the two walls.

Froat zew

Figure 1. Layout of the specimen.

2 3D THIN SHELL MODELLING
2.1 Material modelling

In order to achieve a good compromise between
simplicity and accuracy a biaxial concrete model
that provides acceptable representation of the cyclic
inelastic behaviour of reinforced concrete under cy-
clic loading was used. This model (Merabet & Rey-
nouard 1999) adopts the concept of a smeared crack
approach with a possible double cracking only at
90°. It is based upon the plasticity theory for
uncracked concrete with isotropic hardening and as-
sociated flow rule. Two distinct criteria describe the
failure surface: Nadai in compression and bi-
compression and Rankine in tension. Hardening is
isotropic and an associated flow rule is used. When
the ultimate surface is reached in tension, a crack is
created perpendicularly to the principal direction of
maximum tensile stress, and its orientation is con-
sidered as fixed subsequently. Each direction is then
processed independently by a cyclic uniaxial law,
and the stress tensor in the local co-ordinate system
defined by the direction of the cracks is completed
by the shear stress, elastically calculated with a re-
duced shear modulus xG, (with 0< x# <1, and u
being a function of the crack opening strain) to ac-
count for the effect of interface shear transfer:

ILI = 0.4 lf gcr' gres' gtm = 2 gtm (1)

,U = 0 lf Ecr= Eres~ €tm = 2 Etm (2)

ILI = 0 al’ld O12— 0 lf gcr' gres' gtm = 4 gtm

3)



in which: g is the total strain, &.s the residual strain
after unloading in compression, &m the crack open-
ing strain and o12 the shear stress.

The behaviour of a point initially under tension,
which completely cracks prior to undergoing a re-
verse loading in compression, is illustrated in Figure
2. Similar laws describe the case of an initial com-
pressed point or that of a point which has not totally
cracked under a reverse loading. The model has
been described in detail and verified elsewhere (Ile
2000), (Ile & Reynouard 2000), (Fleury 1996).
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Figure 2. Uniaxial model: point initially in tension.

For steel, a cyclic model that can take into ac-
count the Bauschinger effect and buckling of rein-
forcing bars has been adopted. The monotonic
branch is characterised by an initial linear branch
followed by a plateau and hardening up to failure.
The cyclic behaviour is described by the formulation
proposed by Giuffré and Pinto and implemented by
Menegoto & Pinto (1973). The steel model is pre-
sented in Figure 3.

The evaluation of steel parameters was quite sim-
ple, the measured elasticity modulus - 200000 MPa,
yield stress - 664 MPa, failure stress - 733 MPa and
strain at failure - 2.2%, being directly used. For con-
crete, the material properties were generally as pro-
vided by the CAMUS 2000-1 experimental data
(Fouré 2001) and design codes: 23000 MPa for the
initial elastic modulus, 34 MPa for the compressive
strength and 2.6 MPa for the tensile strength. An ini-
tial value of 0.40 for the post-cracking parameter u
was assumed in the analysis.

2.2 Model description

The numerical analyses have been performed using
the general-purpose finite element program

CASTEM 2000 developed at CEA-Saclay (Millard
1993). To predict the inelastic seismic response of
the tested structures with sufficient accuracy, special
care has been taken to create detailed models of the
specimens, taking into account the necessary geo-
metric characteristics, construction details and
boundary conditions. An example of the 3-D finite
element mesh used in the analyses is reported in
Figure 4.

Figure 3. Numerical model for steel under cyclic loading.

Figure 4. 3-D finite element mesh of the CAMUS 2001 spec-
imen including the shaking table.

Due to the direction of the applied loading, in
plane as well as out of plane behaviour of the walls
needs to be analysed. Therefore, layered thin shell
discrete Kirchoff triangles (DKT) are used to repre-
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sent the two walls. The slabs, as well as the shaking
table are modelled with solid eight-node brick ele-
ments, while four-node shell elements are used to
model the steel I-shaped bracing system. A discrete
modelling is adopted to represent the horizontal and
vertical reinforcement through the use of two-node
truss-bar elements. The structure is assumed fully
restrained at all nodes along the base of the shear
wall, but the shaking-table was considered as a rigid
block fixed to 4 vertical restraining rods, the axial
stiffness of each rod being estimated equal to 215
MN/m. Perfect bond was assumed to exist between
concrete and reinforcement. The possibility of non-
linear material behaviour was specified for all the
wall concrete elements and reinforcing bar-elements,
while the behaviour of the slabs, bracing system and
shaking-table was considered as elastic.

Assuming a 2% critical damping factor (close to
the measured value) for the first and second vibra-
tion mode, the damping parameters [] and [] were
calculated and used subsequently to form the Ray-
leigh damping matrix [C] = o[M] + B[K], M and K
being the mass and stiffness matrix. Despite the fact
that a modal characterisation is theoretically correct
only for linear elastic systems, the damping matrix
[C] obtained in this way is assumed to remain con-
stant throughout the loading cycle. Since with in-
creasing damage, modal frequencies decrease due to
cracking and reinforcement yielding, this assump-
tion may lead to unrealistic over damping on lower
modes. When several sequential input motions are
considered in a seismic analysis, the best choice
would probably be to reduce the Rayleigh damping
matrix with increasing applied motion. The draw-
back of this approach relies on the difficulty of se-
lecting a suitable value for the damping matrix.
Notwithstanding the complexity of the problem, it
seems however, that the viscous over damping effect
may be partially compensated by the fact that the
present non-linear model cannot take properly into
account all sources of hysteretic damping: unilateral
cracking, shear slip between the lips of the crack,
bond-slip between steel and concrete, etc. In any
case, since one of the aims of the present study was
to test the capabilities of the existing cyclic model,
all modelling decisions (including the choice of a
constant damping matrix) were made before all cal-
culations were executed and no tuning of the analy-
sis was done in an attempt to obtain a better fit to the
experimental results. To solve the non-linear equi-
librium equations, a modified Newton-Raphson iter-
ation solution scheme was used.

2.3 Main results

In order to take into account the effect of accumula-
tion of damage a series of 4 non-linear time-history
dynamic analyses were sequentially performed. The
following PGA levels of the uncorrelated input sig-
nals applied during the test (in direction x and y)
were considered in the numerical analyses: 0.22g,
0.40g, 0.55g and 0.65g. A large number of results,
which are still under investigation, have been pro-
duced. For the sake of brevity, only the main results
related to the last input motion (PGA = 0.65g),
which caused failure of the specimen are presented
and discussed here.

The time history of the calculated roof displace-
ment is compared in Figure 5 with the correspond-
ing measured displacement. It can be observed that
the maximum in-plane horizontal displacements are
reasonably predicted (here given at the top of the
left wall for both 0.55g and 0.65g), while the model
generally underestimates the out of plane displace-
ment.
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Figure 5. Comparison between calculated and measured hori-
zontal top displacements: A) in plane displacement (0.55g) —
left wall; B) out-of-plane displacement (0.55g). C) in plane
displacement (0.65g) —left wall;
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Actually, during this last test, the failure of the
connection of the bracing system with the slab was
also obtained, one branch of the bracing system be-
ing completely dislocated from the slab. This was
probably due to a higher out of plane shear force
than anticipated in design. Since the behaviour of
this connection was considered as elastic in the
analysis, the observed discrepancies between exper-
imental results and analysis seem normal.

For the last test on CAMUS 2000-1, a large var-
1ation of the axial force has been observed, its am-
plitude, at the base of the first story, being compara-
ble with the static axial force, which is about 165
KN for one wall. One part of the axial force varia-
tion, denoted here as “dynamic axial force ”, comes
from the extension mode caused by the in plane
bending of the walls: at maximum horizontal deflec-
tion, the neutral axis is at its maximum distance
from the centre of the wall cross-section, the raising
of masses is maximum and the dynamic variation of
the axial force is a tensile force; the frequency of
this vertical motion is two times that of the horizon-
tal movement; then, at cracks closure, when concrete
recovers its stiffness, compression forces strongly
increase and these shocks excite the vertical vibra-
tion mode of the system (shaking table + specimen),
which is about 20 Hz. This variation was also ob-
served during the previous CAMUS in plane seismic
tests (Bisch & Coin 1998).
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Figure 6. Variation of the axial force at the base of the first
story (PGA=0.65g) for one wall: A) experimental and B) nu-
merical results.

The other part of the axial force variation comes
from the out of plane bending, which induces a
complementary compressive axial force in one wall
and a tensile axial force in the other. The total axial
force variation in each wall is then obtained by
summing the corresponding values of the dynamic
axial force and of the axial force due to the out of
plane bending. The different components of the ex-
perimental axial force variation in the left wall, as
obtained from the last test (PGA = 0.65g) are shown
in Figure 6.

When comparing these results it can be noted that
the total variation of the axial force is mainly due to
the out of plane bending component which is several
times larger than the dynamic axial force. This is
due to the fact that the specimen was subjected per-
pendicular to the walls plane (y direction) to a PGA
level as high as that applied in the direction of the
walls plane (x- direction) and to the fact that the fre-
quency of the out of plane vibration mode was close
to that corresponding to the in plane vibration mode
(around 6 Hz).

For comparative purposes the variation of the total
axial force in the left wall and at the base of the first
story as deduced from analysis is presented in Figure
6B. As the analysis was stopped after rupture of one
reinforcing bar, the analysis time scale is not as
large as that corresponding to the previous figure.
By comparing Figure 6A and 6B it can be noted that
the maximum variation of the dynamic axial force is
comparable with the measured values.

Figure 7. Comparison between test and analysis at failure: A)
numerical vertical concrete strain contour at failure, B) crack
pattern at the end of the test.



Local results as obtained from the dynamic anal-
ysis are seen in Figure 7. This figure depicts the
damage distribution obtained just after one of the
steel bars of the left wall has broken in tension.

It is to be noted that cracks are almost horizontal-
ly distributed in the two walls, but the crack opening
is larger for the wall, which is in tension. The analy-
sis also showed that damage is almost entirely con-
centrated just under the 2™ floor level, level where
the main cracks develop. Actually, inspection after
the test showed that the steel bars were broken bel-
low the second floor level and a large horizontal
crack develops at the same level.

3 FIBRE MODEL

Non-linear dynamic analysis of civil engineering
structures requires large scale calculations, implying
delicate solving techniques. The necessity to per-
form parametrical studies led us to adopt special so-
lutions in order to reduce the computational cost.
The response of a structure submitted to severe load-
ings, depends on a strong interaction between "mate-
rial" (local non-linearities), "structural"(geometry,
mass distribution, joints) and "environment" (inter-
action of the structure with its support) effects. For
concrete structures, the local material behaviours are
the major sources of non-linearities. The wish to
keep good prediction ability for the model guided
us to use refined constitutive equations, taking into
account the main physical phenomena (damage, ine-
lasticity, crack-reclosure, ...). At a structural level,
the choice of a "simplified approach" has been made
by applying simplifying assumptions compromising
as little as possible the quality of results.

The choice of using a multifiber F.E. configura-
tion combines the advantage of using beam type fi-
nite elements with the simplicity of uniaxial behav-
iour. Each finite element is a beam discredited into
several fibres (see Figure 8). The F.E. code used is
again CASTEM 2000.

Figure 8. Multifiber discretisation principle.

A first series of calculations (modal analysis)
have been performed in order to insure that the main
phenomena of the problem have been well repre-
sented. Figure 9 gives a comparison of the multifi-
ber approach with both the experimental and the ful-

ly 3D calculation results for the first three natural
modes.

Figure 9. Natural modes : on the left fibre model on the right
3D model. From the top to the base :

In plane : fibre : 6.00hz, 3D : 6.14Hz, exp : 6.00 Hz

Out of plane : fibre : 5.5Hz, 3D : 6.07Hz, exp.: 5.45Hz
Torsion : fibre : 10.5 Hz, 3D : 10.73, exp. : ?

As it has been already discussed, the shaking ta-
ble - due to its softness - must also be included to the
mesh (using 3D elements or orthogonal beams for
the two models respectively) to insure the good cor-
relation of the calculations. The results obtained
with the fiber model are as good as those obtained
with the 3D FEM model, with a much less signifi-
cant cost.

3.1 Material modelling

Material modelling for reinforced concrete struc-
tures submitted to dynamic loading has to take into
account the decrease of stiffness as well as plasticity
of the reinforcements till failure.

In describing the non-linear behaviour of rein-
forcement rebars, a classical plasticity model taking
into account a non-linear cinematic hardening (Arm-
strong et al., 1966) has been implemented. Response
under uniaxial cyclic loading is presented in Figure
10.

Seismic loading, which includes cyclic aspects,
produces micro cracking in concrete. Some major
phenomena have to be taken into account:

- decrease in material stiffness as the micro cracks
open,

- stiffness recovery as crack closure occurs,
inelastic strains concomitant to damage.

Figurel0. Uniaxial stress-strain relations for concrete and




steel.

4 s10t T T T T

/ [BU

T g S gt :
@ 0 9

\ E.g),u‘- ...... . ‘ ,

Crack cbosure IFTLY S

RSUR N

POTLL NN NIVIFE IIVIVI AR SURCRTS Srerers
ha w107 10t 2107 010”2107 4107 <107

M
Conpressine darage ftain

To account for such a behaviour we adopt a con-
tinuum damage model (La Borderie 1991), which
incorporates two scalar damage variables, one for
damage due to tension D1, the other for damage due
to compression D2 and which includes a recovery
stiffness procedure and the description of isotropic
inelastic strain. Constitutive equations are:

total strain: & =¢&°+&"

S P ./ Y JR s/ o S

£ - E(]—D,)+E(1—D,)+E

g — D, af(O')+
E(I-D,) éc

B.D,

E(I-D,) )

with &° elastic strains and &” inelastic strains. I
denotes the unit tensor and Tr(o) =0,

Damage criteria are expressed as: f;=Y —Z,
With Y, associates forces to damage and Z; the
hardening variable. The evolution laws for damage
take the following form:

D, = !

- 6
SRR ©

where f(o)and o, are the crack closure function
and the crack closure stress respectively. <>+ de-
notes the positive part of a tensor. E is the initial
Young's modulus and v the Poisson ratio. D; and D»
are respectively the damage variables for traction
and compression. ; and B, are material constants.
Figure 10 gives the stress-strain response of that
model for a uniaxial traction-compression-traction
loading.

3.2 Model description

The finite element mesh has already been presented
in Figure 9. The additional masses and the weight
load of each floor are concentrated at each story.
The stiffness of the springs below the shaking table
is identified so as to feet the first eigenmodes meas-
ured on the virgin structure before the seismic load-
ings. Despite the lack of physical meaning, damping
is generally introduced in the analysis through vis-
cous forces generated by the means of a damping
matrix. This is the classical Viscous Rayleigh damp-
ing matrix, derived from the general expression pro-

posed by Caughey (1960). The two parameters al-
low calibrating the matrix by imposing the value of
the damping ratio for two eigenmodes of the virgin
structure. The Rayleigh damping coefficients have
been adjusted to ensure a value of 1 % on the first
mode and 2 % on the second mode. Great attention
has been focused to keep these damping values as
stable as possible throughout the analysis. This re-
mark may become important for concrete structures
where cracking induces loss in stiffness and by that
way a shift of the fundamental frequency. Therefore
the damping of the first eigen mode has been chosen
so as to remain around the minimum constant range
of the Rayleigh diagram.

3.3 Main results

Results are presented in terms of horizontal top
displacements in the plane (X direction) of the walls
(Fig. 11) and global flexural moment in the Y direc-
tion (Fig. 12) for the signal corresponding to 0.55g.

Figure 11. In plane top horizontal displacement: 0.55g of
maximum acceleration.
Figure 12. Out plane bending moment: 0.55g of maximum ac-
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These results have been obtained without calibra-
tion with the experimental results. Work is in pro-
gress on the effects of damping and improvements
of the modelling are carried out to account for tor-
sion and 3D material behaviours using an enhanced
beam formulation.



4 BEAM MODEL

The realistic dynamic description and modelling
of material failure is one of the actual problems in
structural mechanics. Analyses of failure processes
require the use of complex FE discretisation and ad-
vanced constitutive models. For modelling of con-
crete it is necessary to capture several important
phenomena such as development of anisotropy,
damage and ductility (possibly softening). This im-
plies the description of the concrete behaviour with
refined constitutive models. Such complex analyses
demand for large scale computing, which must be
feasible from the view of both time and available re-
sources. In this light the use of simplified modellisa-
tions coupled with explicit procedures became very
popular for solving time dependent problems. To-
gether with the limited number of numerical ele-
ments used in simplified approaches, the utilization
of explicit procedures contributes to a general reduc-
tion of the time requested by the calculation, since
they require no iterations and no tangent stiffness
matrix. Even though they are in general conditional-
ly stable, their stability is automatically assured by
the small time increments required by the solution of
dynamic problems.

To verify the efficiency of both simplified ap-
proaches and explicit methods in describing the
seismic behaviour of reinforced concrete wall struc-
tures a three-dimensional finite element model of the
building was realized by using only beam elements
with multiple integration points. This model differs
from the one presented in the previous paragraph in
the fact that structural members are characterised by
a homogeneous cross-section. The explicit version
of the commercial computer code ABAQUS version
6.1 has been chosen for the analyses.

The main characteristics of the element chosen
for the modelling of the spatial behaviour of the
structure are listed below.

- The beams used are Timoshenko beams that al-
low for transverse shear deformation. The trans-
verse shear deformation is treated as if the re-
sponse were linear elastic, independent of the
axial and bending responses, even for non-linear
material behaviour.

- A lumped mass formulation is used.

- The cross-section of each beam is integrated nu-
merically to obtain the force-moment/strain-
curvature relations for the section, which allows
complete generality in material response, since
each point of a section is considered independent-
ly by the constitutive routines.

4.1 Material modelling

The elastic-plastic model implemented in ABAQUS
has been used to describe the behaviour of steel
members. The cyclic behaviour of concrete has been

represented by using the PRM model (Mazars 1986,
Pontiroli 1995, Rouquand & Mazars 2001). The
analysis has been carried out with ABAQUS and the
explicit version of the PRM model running in paral-
lel.

The PRM model is based on constitutive laws
able to account for the effects of stiffness deteriora-
tion, recovery of stiffness due to crack closure, ef-
fects of damage and strain rate. The main particular-
ities of the model are given for a uniaxial loading as
follows:

— Partition of strain and stress tensors:

E=gi+ex & OC=0q+0n (7

— Combination of two modes of damage:
D=o:D:+ (1- OCt)Dc (8)

o, evolved in between 0 and 1 and the actual values
depends on (& — &)

D, =fct (&, g40, Aj, B;) Withi=t, c

)

D, damage in tension, D. damage in compression. &
is the equivalent deformation, (function of the local
principal positive strain £=y<g >3, Mazars 1986)
which pilots the damage evolution after the initial

threshold €40, Ai, Bi are material parameters.
— Constitutive equations:

(o-0r)=Ao-(1-D) - (e-en) (10)

In order to describe dissipation due to hysteretic
loops (Fig. 13) a hysteretic stress term is added:

Ghyst = (B, + B,D) E (1-D) (& — &) f(e — &)
(1D

B, and B, are “Rayleigh” parameters and f is a func-
tion used to calibrate the evolution with the strain.

The problem becomes more simple if described
in a new repair Ra(cy,€4) as shown in Figure 13. The
general 3D formulation of the model linking strain
and stress tensors (in bold) is reported below:

(6 —0y)=4A(1-D) (e

(12)

= at (1-Dt) [ A, trace(e —gx)l + 21, (€ — &p)]
+ (1- at) (1-D¢) [ A, trace(e —gx)1 + 2, (€ — €p)]

- Sft)

where o5 and g; are the crack closure stress and
strain thresholds used to manage permanent effects;
Ao is related to the initial mechanical characteristics.

One of the main advantages of this model is that
it includes crack-closure effects, describes perma-
nent strains, hysteretic loops and is expressed in an
explicit form, compatible with the use of an explicit
algorithm.
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Figure 13. PRM model: stress-strain relationship.

4.2 Model description

The same type of element has been used to represer
the various structural components but with differer
sections.

- Walls. Rectangular section elements were chose
to model the concrete of the walls. 25 integratio
points characterize each section. The longitudine.
reinforcement is accounted for by means of box
section elements. Couples of bars at the same dis-
tance from the axis of the structural member were
modelled by using the same numerical element —
the area of the reinforcing bars has been trans-
formed into an equivalent area of the box section.
This choice allowed the representation of the
walls to be done directly by the geometrical de-
scription of their axis. 16 integration points char-
acterize each section. The additional masses
placed along the walls have been modelled using
concentrated masses.

- Slab. Rectangular and box section elements have
been used to mesh the slabs. As for the walls, re-
inforcing bars have been accounted for through
the use of box section. The mass blocks added to
the floors to represent the dead load of the struc-
ture have been modelled by using fictive box sec-
tions: the density of the material has been chosen
to represent the real weight of the blocks, where-
as the stiffness of the elements has been limited,
in order to avoid their influence on the dynamic
behaviour of the structure.

- Bracing system. The bracing system has been
modelled with I-section elements. The geometry
of sections corresponds to the steel section adopt-
ed in reality. 13 integration points characterize
each section.

- Basement. A network of elements has been used
to simulate the stiffness of the basement in the
three directions. As for the other structural ele-

ments, rectangular sections were adopted for con-
crete whereas the reinforcement has been mod-
elled using box sections. The basement of the
specimen is connected to the table through four
circular section beams elements. A preload is ap-
plied to these components so as to reproduce the
reality.

- Shaking table. A rigid body composed by rectan-
gular section beams has been used to describe the
behaviour of the shaking table. Circular beam el-
ements have been chosen to simulate the deform-
ability of the table. The mass of the table has
been accounted for by defining an appropriate

.« 101 .

analysis is

Figure 14. Simplified beam model.

4.3 Main results

A first verification of the model was carried out by
performing a modal analysis. The first two frequen-
cies obtained with the numerical model (5.5 and
6.02 Hz for the out-of-plane and the in-plane flex-
ure) were similar to the measured ones (5.45 and
6.00 HZ respectively).

Seven seismic signals of increasing amplitude
have been applied during the experimental cam-
paign. Among them, only those corresponding to an
intensity of 0.15g, 0.4g and 0.55g have been consid-
ered in the numerical study. In spite of the simpli-
fied approach adopted in the analysis, numerical and
experimental data were in good agreement both at
global and at local level. Displacement time histories
obtained for 0.55g in the direction parallel to that of
the walls are shown in Figure 15. The agreement at
this stage is good; some differences have been de-
tected from the experimental and the numerical dis-
placements at 0.4g. The reason for these dissimilari-
ties can be found in the damage that might be
suffered by the specimen during the application of
the signals not considered in the analysis. The better
agreement obtained for the signal of 0.55g seems to
verify this assumption. For the same intensity, the



fair agreement between experimental and numerical
axial load and moment time histories can also be ob-
served in Figure 16 that represents an additional
proof of the reliability of the model.

A complex state of stress inside the walls caused
by the combination of bi-directional flexure and
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shear similar to that observed during the tests was
also highlighted by the numerical analyses.

Figure 15. Comparison between calculated (dotted line) and
measured (solid:ling) lpﬂ;mtaﬁég@ﬁg plane displacements:
A) signal of 0.4g; B) signal of 0.55g.
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Figure 16. Comparison between calculated (dotted line) and
measured (solid line) axial load in the right wall (A) and mo-
ment at the base of the walls (B) for a signal of 0.55g.

The damage theory implemented in the model
used for concrete allowed the study of the variation
of damage suffered in different points of the section.
As an example, the damage suffered by the left wall
calculated at one of the four corners of the section,
for the 0.55g excitation, is plotted in Figure 17. The
effects of tension and compression are considered
separately. From the graphs it can be observed that
the effects of tension are maximum at the base of the
wall, and decrease in the upper stories. On the con-
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trary, compression causes damage only in the first
story, ed in particular close to the basement and to
the connection with the slab of the first story, where
the maximum damage occurs, as it was observed

during the tests.
Figure 17. Damage evolution in one of the corners of the left
wall: A) contribution due to compression; B) contribution
caused by tension.

These results have proved the ability of an explic-
it model and scheme of resolution to simulate the re-
sponse of a mock-up submitted to a series of earth-
quake excitation. This was a first step to validate the
modelling, however the main use will be, in the fu-
ture, for dynamic problems at high velocity such as
impacts.

Rock falls are common in mountain regions and
protection systems have to be placed particularly on
roads. Figure 18 gives an example of calculations



performed with the PRM model used with an explic-
it scheme in order to analyse the efficiency of a rein-
forced concrete slab set up to protect a road and to
play the role of a deflector for boulders. Experi-
ments have been performed and the simulation is
able to describe the main phenomena as tensile dam-
age presented in Figure 18. This work is in progress.

.000e+00
+9.167e-01
+8.333e-01
+7.500e-01
+6.667e-01
+5.833e-01
+5.000e-01
+4.167e-01
+3.333e-01
+Z.500e-01
+1l.667e-01
+8.333e-02
+0.000e+00

Figure 18. Inclined reinforced concrete slab submitted to rock
fall — Simulation of damage induced (D into the slab and into
the boulder with the PRM explicit model) by an impact of a
boulder (450kg from 30m) in the center of the slab.

5 CONCLUSIONS

The dynamic behaviour of a five-storeys shear wall
building has been simulated in this study by using
analytical models characterised by different levels of
discretisation. The efficacy of a 3D finite element
thin shell model, a beam and a fibre model have
been verified by using the results of a shaking table
test campaign performed within the CAMUS 2000
research programme.

As demonstrated by the results reported in the
paper, not only the refined model but also the two
simplified models were able to reproduce with good
approximation the main features of the global re-
sponse of the structure. This confirms that the level
of discretisation and the type of numerical elements
adopted in both simplified models are sufficient to
describe the dynamic behaviour of wall structures.
This is so also thanks to the stress-strain laws chosen
to model the behaviour of steel and concrete. The
accuracy of the results obtained for local indicators,
e.g. elongation of rebars, damage index, etc, is re-
duced due to the hypothesis adopted in the model-
ling phase. The computation of damage in concrete
can be cited as an example. The damage pattern
evaluated with the 3D finite element thin shell mod-
el corresponds perfectly to that observed in the reali-
ty. On the contrary, by using the beam model only
the general trend was represented.

The limited accuracy characterising the results
obtained with simplified models of the same type of

those considered in this paper is balanced by their
reduced computational cost. This aspect assumes a
fundamental importance when parametric studies or
vulnerability analyses have to be performed (Negro
& Colombo 1998).

The results of the experimental campaign indicate
that the out-of-plane excitation can significantly in-
crease the flexural demand of reinforced concrete
walls with limited reinforcement, mainly because of
the increase in the variation of the axial force, which
is of the same order of magnitude than that due to
permanent loads. Independently from the level of
discretisation, the non-linear models considered in
this study are able to realistically estimate the range
of variation of the axial force. In addition to the abil-
ity in modelling the non-linear behaviour, the capac-
ity to describe the variation of the axial load under-
lines the importance of a more close interaction
between non-linear analysis and design.

Two ways of research are currently under inves-
tigation:

1- The ability of existing macro models with
standard computer codes to model the global param-
eters of the response of a structure. The multiple-
vertical-line-element model - MVLEM was chosen
as the reference model. This study will be extended
to the results of dynamic tests that will be performed
at the shaking table facility of the LNEC. The spec-
imen differs from the one considered in the study
reported in this paper from the fact that the steel
bracing system used to provide stiffness in the trans-
versal direction is replaced by a more realistic rein-
forced concrete wall with openings.

2- The close agreement between the experimental
and the analytical results obtained with the beam
model verified the efficacy of explicit methods -the
integration algorithms and more specifically the
PRM model used to describe the behaviour of con-
crete- to simulate the response of structures subject-
ed to dynamic loads. This validation allowed for the
use of the same explicit model for dynamic prob-
lems of different nature. As an example, it is now
used to study the effects of impact of blocks on rein-
forced concrete slabs.
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