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A simplified modelling strategy for R/C walls satisfying PS92 and EC8
design

Panagiotis Kotronisa,∗, Frédéric Ragueneaub, Jacky Mazarsa

aLaboratoire Sols, Solides, Structures (3S), DomaineUniversitaire BP 53, 38041 Grenoble cedex 9, France
bLaboratoire de Mécanique et de Technologie (LMT), 61 av. du Prés. Wilson, 94235 Cachan cedex, France

According to the French code PS92 lightly reinforced concrete walls subjected to earthquake ground motion are designed following 
the “multifuse” concept. Low percentages of reinforcement combined with an appropriate distribution at several levels lead to dissipation of 
energy via wide crack patterns at different heights of the wall. On the contrary, design according to Eurocode 8 (EC8) privileges dissipation at 
a single flexural plastic hinge at the base. The rest of the wall is over-designed in flexure to avoid development of plastic behaviour anywhere 
above the base region (“monofuse” concept). A simplified modelling strategy based on the principles of damage mechanics, plasticity and 
classical Bernoulli beam theory is used to simulate the 2D non-linear behaviour of two mock-ups satisfying the above design provisions. 
CAMUS I and II I specimens have the same geometry and follow PS92 and EC8 design philosophies respectively. Comparison with the 
experimental results, obtained on a shaking table, gives an insight into the behaviour of the structures and shows the ability but also 
the limitations of the approach.
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1. Introduction

Simulating the non-linear behaviour of reinforce
concrete (R/C) walls subjected to severe earthquake gro
motion is an important problem for the engineerin
community. Non-linear dynamic analysis based on a deta
finite element model requires large-scale computations
delicate solution techniques. The necessity to perfo
parametric studies and the stochastic nature of the in
accelerations often impose simplified numerical modelli
that reduces computational cost. Nevertheless, in order t
describe efficiently the non-linear time history behaviour
is necessary to have:

1. A realistic model to describe the materials;

∗ Corresponding author. Tel.: +33 (0)4 76 82 51 75; fax: +33 (0)4 76
70 00.
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2. An optimum idealization i.e. one that is sufficiently fin
and yet not too costly;

3. An accurate description of boundary conditions.

The classical Bernoulli beam theory is used to descr
the non-linear behaviour of R/C walls. 2D beams a
divided in several layers where simple uni-axial constitutiv
relationships are used, sufficiently general though to t
into account all the different inelastic phenomena (crack
by damage, irreversible deformation by plasticity and crack-
closing by unilateral frictional contact condition). Th
proposed modelling strategy is used to simulate the n
linear behaviour of two specimens tested on the Azal
shaking table of the EMSI Laboratory at CEA Saclay (the
largest shaking table in Europe). CAMUS I and III mock-up
have the same geometry and were designed following
French code PS92 [1] and the Eurocode 8 [2] respectively.

The paper begins with the tools used for a simplifi
dynamic analysis and the constitutive laws for concr
and steel. Presentation of the tests at CEA Saclay



Fig. 1. Multi-layered beam discretization for R/C structures.
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description of the two specimens follow. Emphasis is p
on the differences of the mock-ups and the code des
philosophies. The numerical model used for the simulat
of the specimens is presented in detail. Finally, verification
of the proposed modelling strategy is provided throu
comparison of the numerical with the experimental resu
and a discussion is made on the different types of fail
of the mock-ups and the influence of the local numeri
variables on global quantities.

2. Tools for a simplified dynamic analysis of R/C
structures

2.1. Spatial and time discretization

In order to limit the complexity of the model and th
resulting computational costs structures are simulated u
multi-layered Bernoulli beamelements and concentrate
masses at specific points ([3,4] – this approach is the 2D
version of the classical multifibre beam element [5–9]). 1D
constitutive laws are attributed at each layer and the seis
loading is applied as an input motion at the base (Fig. 1).

Dynamic analysis for earthquake ground motion redu
to solving the following set of non-linear equations [10]:

Mü(t)+ Cu̇(t)+ f int(u, t) = −Müg(t) (1)

where M and C are, respectively, mass and dampi
matrix, ü(t) andu̇(t) are nodal accelerations and velocitie
f int(u, t) is the internal force vector and̈ug(t) is the ground
acceleration applied on the structure. By using a tim
integration scheme, the differential equation of motion
(1) is reduced to an algebraic equation. In particular, f
low frequency response in earthquake engineering ana
one uses an implicit scheme such as the Newmark one-
scheme(whereγ = 1/2 and β = 1/4 – the constants
for Newmark’s time-integration scheme – are typicall
chosen for optimal result accuracy [11]). The discrete set of
equations obtained is further solved by an iterative solut
procedure, where the secant stiffness matrixK is used
instead of an updated one (quasi-Newton method), a
usually the case for damage constitutive laws [12].

Remarks. 1. For the cases where shear deformatio
become important the Bernoulli hypothesis – sectio
remain plain and perpendicular to the neutral axis of
beam – is not valid and one has to use Timoshenko mu
layered (multifibre) beams [5,8,9,13].
2
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2. When dealing with structures with a slenderness rat
far from the classical beam theory a more reliab
representation of shear deformations and shear stress
has to be provided. One possibility in that respec
– always within the family of simplified modelling
strategies – is to use the Equivalent Reinforced Concrete
model that privileges the use of lattice meshes f
concrete and reinforcement bars [14,15].

2.2. Modelling thedamping mechanism

In the case of mode superposition techniques,
dynamic response of the system is the sum of station
waves. The problem to solve consists of the computatio
of the eigenfrequencies, the corresponding mode-shape
and their relative contribution to the global respon
Considering the superposition of harmonic functions,
solution breaks down to the following eigenvalue problem
[10,16]:

|K − ω2
i M| = 0 (2)

whereωi is the natural frequency of vibration for the modei .
A viscous Rayleigh-type matrix for damping (linea

combination of the mass and damping matrices) does
create identical levels of dissipation depending on the w
the equation of motion is expressed. Indeed, a simple
analysis on a single degree of freedom structure allo
pointing out the discordance with regard to the dissipated
energy between a description of the motion in the relative
in the absolute reference frame [17,18]. If a stiffness matrix
is ‘insensitive’ to the rigid body motion, the contribution o
the mass matrix generates spurious dissipation. In order to
avoid the drawbacks of a viscous Rayleigh damping mat
in the presence of rigid body motion for finite element cod
where the equation of motion is treated in the absolu
reference frame, the damping for each modei depends
only on the modal stiffness introducing no contribution
the mass [17]. This damping matrix is a non-diagonal on
(non-classical damping). This feature may become a m
drawback in the case of structures with a lot of degrees
freedom. Nevertheless, for simplified analysis the number o
degrees of freedom remains relatively small.

2.3. Materials constitutive relations

Both steel and concrete are described within the th
modynamic framework for irreversible processes [19]. In
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Fig. 2. Uni-axial response of steel model for cyclic loading.

order to describe the non-linear behaviour of reinforcem
bars, we choose a classical plasticity model taking into
count the non-linear kinematic hardening of Armstrong a
Frederick [20]. The free energy density for this modelρψ
can be written as:

ρψ = 1

2
(ε − εp) : H : (ε − εp)+ 1

2
bα : α (3)

whereH is the Hooke’s elasticity tensor,εp is the plastic
strain tensor,ε the strain tensor,α a tensorial internal
variableassociated with the kinematic hardening andb a
material parameter. The constitutive equations for this k
of model are derived as follows:

σ = ∂(ρψ)

∂ε
= H : (ε − εp) (4)

X = ∂(ρψ)

∂α
= bα (5)

where σ is the stress tensor andX is the back-stress
hardening variable. The latter is used to describe a modifie
form of the plasticity criterion allowing us to remain within
the associated plasticity framework:

f = J2(σ − X)+ 3

4
aX : X − σy ≤ 0 (6)

wherea andσy are material parameters andJ2 the second
invariant of thedeviatoric stress tensor.

Due to theparticular geometric characteristics of ste
bars, only a 1D implementation of the model is carried o
Reinforcement bars are introducedwithin special composite
layers (see Fig. 1), whose behaviour is obtained as
combination of those of concrete and steel according to:

σlayer = (1 − αrel)σconcrete+ αrelσsteel (7)

whereσlayer denotes axial stresses in the layer,σconcreteand
σsteelaxial stresses in the concrete and the steel respect
in the layer andαrel is the relative area of the reinforceme
in the layer. A typical stress–strain cyclic response predic
by this model is given inFig. 2.

The constitutive models able to reproduce realistica
the non-linear behaviour of concrete are often based
damage mechanics (e.g. [12,21–24]), on plasticity theory
3
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(e.g. [25,26]) or using the microplane concept (e.g. [27–29]).
The constitutive model for concrete used in this work
based on damage mechanics and takes into account s
observed phenomena under cyclic loading such as decr
in material stiffness due to cracking, stiffness recove
(damage deactivation) which occurs at crack closure a
inelastic strains concomitant to damage [30]. It has two
scalar damage variables,D1 for damage in tension andD2
for damage in compression. The Gibbs free energyχ of this
model in its 3D formulation can be expressed as:

χ = 〈σ 〉+ : 〈σ 〉+
2E(1 − D1)

+ 〈σ 〉− : 〈σ 〉−
2E(1 − D2)

+ ν

E
(σ : σ − Tr(σ 2))

+ β1D1

E(1 − D1)
f (σ )+ β2D2

E(1 − D2)
Tr(σ ) (8)

f (σ ) is the crack closure function.〈·〉+ denotes the positive
part of a tensor.E is the initial Young’s modulus andν the
Poisson ratio.β1 andβ2 are material constants and Tr(σ ) =
σi j δi j . The total strain is:

ε = εe + εin (9)

εe = 〈σ 〉+
E(1 − D1)

+ 〈σ 〉−
E(1 − D2)

+ ν

E
(σ − Tr(σ )1) (10)

εin = β1D1

E(1 − D1)

∂ f (σ )

∂σ
+ β2D2

E(1 − D2)
1 (11)

with εe elastic strains,εin inelastic strains and1 denotes the
unit tensor.

Damage criteria are expressed asfi = Yi − Zi (i = 1
for tension or 2 for compression,Yi is the associated force
to the damage variableDi andZi a threshold dependent on
the hardening variables). The evolution laws for the damag
variablesDi are finally written as

Di = 1 − 1

1 + [Ai (Yi − Y0i )]Bi
. (12)

The crack closure function is defined as follows,


Tr(σ ) ∈ [0,+∞) → ∂ f (σ )

∂σ
= 1

Tr(σ ) ∈ [−σ f ,0) → ∂ f (σ )

∂σ
=

(
1 − Tr(σ )

σ f

)
1

Tr(σ ) ∈ (−∞,−σ f ) → ∂ f (σ )

∂σ
= 0.1

(13)

Y0i is the initial elastic threshold(Y0i = Zi (Di = 0)),σ f the
crack closure stress andA, B material constants. Due to th
spatial discretization with 2Dmulti-layered Bernoulli beam
elements only a 1D implementation of the model is carri
out (shear is considered linear).Fig. 3gives the stress–strain
response of the model for a uni-axial traction–compress
loading.

3. Shaking table tests

This section presents a summary of the CAMUS I and
shaking table tests. The design of the specimens correspo
to the same level ofdesign lateral forces (CAMUS III has
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Fig. 3. Uni-axial response of concrete model for cyclic loading.

the same target flexural capacity at the base as CAM
I, namely MSd = 390 kN m). The design of CAMUS I
follows PS92 provisions, where the choice of reinforcem
is made so that cracking spreads as much as possible thr
the structure. On the contrary, CAMUS III adopts EC
philosophy that prefers dissipation at a single flexural pla
hinge at the base. The rest of the wall is over-designe
flexure, to avoid development of plastic behaviour anywh
above the base region. Dynamic tests have been perfor
until collapse of the structureson the Azalée shaking table o
the EMSI Laboratory at CEA Saclay. By collapse we me
the appearance of significant cracks on the concrete w
and important plastic strain with possible failure of som
bars of the vertical reinforcing steel. A detailed presentatio
covering all aspects of the experimental programs can
found in [31,32].

Remarks. 1. In order to compare and validate th
numerical tools commonly used for R/C load beari
walls, international benchmarks have been organiz
around the CAMUS I and III experiments [33–36].

2. The CAMUS III experiment is part of the 5th Top
“Shear Wall Structures” of the European progra
ICONS-TMR (“Innovative Seismic Design Concepts f
New and Existing Structures – Training and Mobility
Researchers”) and of ECOEST2 (“European Consort
of Earthquake Shaking Tables”) – see [37] for the final
report.

3.1. Geometrical characteristics of the specimens

The overall geometry of CAMUS I and III is the sam
The 1/3 scaled models are composed of two paral
five-floor R/C walls without opening linked by six squa
floors. They have a total height of 5.1 m. A highly reinforc
footing allows the anchorage to the shaking table (Fig. 4).

The walls are loaded in their own plane. Stiffness a
strength in the perpendicular direction are increased
adding triangular bracing so as to reduce the risk of poss
failure due to some parasite transversal motion of a n
symmetric failure of the structural walls.
4
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3.2. Mass description

The total mass of each specimen is estimated at ab
36 000 kg. The mass of each floor, without the additio
masses, is about 1300 kg. The additional masses w
determined in order to impose a normal force to the wa
compatible with the vertical stress values commonly fou
at the base of such structures – 1.6 MPa in this case
Fig. 4).

3.3. Concrete and steel reinforcement

Typical concrete mixtures were used for the casting of
mock-ups. Their characteristics were checked by the usua
compressive and splitting tests.

The design of CAMUS I and III is meant to correspon
to the same level of design lateral forces and ultim
bending moment at the base. This flexural capacity is use
define the amount of vertical reinforcement at the base
same forboth specimens). The difference in reinforceme
is significant for the upper levels according toFig. 4 and
Table 1: the French design code PS92 allows yielding
several heights of the specimen while EC8 concentrat
dissipation at the base (capacity design philosophy).
CAMUS III the amount of vertical reinforcement abov
the base aims to provide the flexural over strength required
by EC8 (Table 1). Tensile tests performed before the tes
helped to define the properties of the steel bars.

Table 1
Steel reinforcement for each wall(mm2)

CAMUS I CAMUS III
Sa, Sb Sc Sa, Sb Sc

Level 5 15.9 78.4 132.4 159
Level 4 28.3 78.4 233 159
Level 3 94.4 110.2 233 159
Level 2 188.9 138 289.6 159
Level 1 289.4 138 289.6 159

(Sa, Sband Sc seeFig. 4).

3.4. Loading conditions

Since the mock-ups were loaded with horizont
acceleration signals parallel to the walls and the st
bracing systems at each floor level prevented occurrenc
any torsion mode the problem is a two-dimensional o
Three types of ground motion are imposed: The artific
Nice S1 signal, representative of a far field earthqu
and of the French design acceleration spectra, the
Francisco and Melendy Ranch signals representative of ne
field earthquakes. The complete experimental sequence
different for the two specimens (Table 2).

The three ground motions and their spectra (5% damp
are presented inFigs. 5 and 6. Nice S1 is rich in terms



Fig. 4. Geometricalcharacteristics of the CAMUS I and CAMUS III specimens.
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Table 2
Experimental sequences

CAMUS I CAMUS III

Nice S1 0.24g Nice S1 0.42g
San Francisco 1.13g Nice S1 0.24g
Nice S1 0.40g Melendy Ranch 1.35g
Nice S1 0.71g Nice S1 0.64g
– Nice S1 1.00g

of frequencies. San Francisco and Melendy Ranch
short; theyhave a thinner effective bandwidth of highe
accelerations. The frequency content of the Melendy Ranch
signal is rich around 7 Hz, which was proven to b
approximately the first natural frequency of the CAMUS I
specimen (6.88 Hz).

4. Numerical simulations

4.1. Numerical model

The 2D numerical model represents each wall as
cantilever beam whose behaviour is controlled primar
by bending. Each wall is divided into 24 Bernoulli bea
elements with 37 layers each. Concentrated masses
introduced at each floor. A single wall is considered (Fig. 7).

For the first numerical simulations of the CAMUS I
specimen the model was supposed fixed to the shaking ta
The first natural frequency of the specimen predicted by t
model was however different from the real one measu
before the test using a low level white noise (10.3 Hz for t
model instead of 7.3 Hz for the measured one). The mo
failed also to reproduce the second frequency representa
of the pumping–axial deformation mode – (40 Hz inste
of 20 Hz). Thus, it was necessary to take into account
influence of the shaking table and the anchorage system.
simple modelling of the basement boundary conditions
achieved by the use of a horizontal bending beam (Fig. 7).
5
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Knowing the measured shaking table stiffness helped to
adjust the vertical(Kν = 48E I/ l 3) as well as the rotationa
stiffness(Kθ = 12E I/ l ) of the boundary element so a
to better approximate the first two modes (seeTable 3) – I
being the moment of inertia andl the length of the boundary
element. The same stiffness – without further adjustmen
is used for the CAMUS III mock-up, making for this case
the comparison with the experimental results similar to
one of a “blind simulation” in order for the reader to test th
efficiency of the model.

Table 3
Adjusting the numerical model for the CAMUS I specimen

Initial modelling Adjusted modelling Measured fre-
(Hz) (Hz) quencies (Hz)

1st mode 10.3 7.4 7.3
2nd mode 40.0 19.0 20.0

Constitutive laws for concrete and steel are used
1D formulation. Specific values for the materials a
chosen according to compressive, tensile and splitting t
(Table 4). More specifically, for the damage model one ha
A1 = 9.0E+03 MPa−1, A2 = 5.3 MPa−1, B1 = 1.2,
B2 = 1.4, β1 = 1.0 MPa, β2 = −40 MPa, Y01 =
2.2E−04 MPa,Y02 = 0.9E−02 MPa,σ f = 1.3 MPa.
The Young’s modulus of the base slab is taken smaller
to localized cracking already visible before the tests (tho
cracks appeared during the assembly of the specimens o
table particularly during the tightening of the wall anchorag
to the floors). Bond slip and confinement are not taken in
account. The damping coefficients have been adjuste
ensure a value of 2% on the two first modes.

The motions are applied to the specimens according
the sequences presented inTable 2 so as to accumulate
damage and not one by one on a virgin model. Res
are compared in terms of global and local quantities (ti
history of displacements and forces, variation of axial force,
steel strain, damage distribution).
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Fig. 5. Ground motions: (a) Nice(amax = 0.25g), (b) San Francisco
(amax = 1.11g) and (c) Melendy Ranch (amax = 1.35g).

4.2. Time history of displacements and forces

For theCAMUS I mock-up, at initial level when concret
starts cracking in tension and the reinforcement bars reac
the yield stress, the global behaviour of the structure is w
represented by the numerical model. The loss in stiffn
during the later stages of loading and the decrease
6

f

Fig. 6. Response spectra (5% damping).

Fig. 7. 2D numerical model for the CAMUS I and III specimens.

Table 4
Specific values used for the materials

CAMUS I CAMUS III

Compression strength (concrete) MPa 35 30
Tensile strength (concrete) MPa 3 2.5
Young’s modulus (concrete) MPa 30 000 30 000
Young’s modulus at the base (concrete)MPa 15 000 15 000
Poisson coefficient (concrete) – 0.2 0.2
Yield stress (steel) MPa 414 414
Young’s modulus (steel) MPa 200 000 200 000

the fundamental frequency is also predicted in a fai
acceptable manner, with the maximum displacement alway
remaining slightly underestimated before and overestima
after the maximum loading level is reached (Figs. 8and9).
Displacement is measured at the top of the wall.Table 5
summarizes comparisons of experimental and compu
results for the reaction forces and indicates globally a v
good agreement.

The modal analysis of the CAMUS III specimen sho
that the numerical model is stiffer than the mock-up
(Table 6). Due to an unreliable displacement transdu
at the top of the specimen comparison of displaceme
is presentedonly at the fifth floor. During the first two
sequences CAMUS III stays practically in the elastic zo
without yielding of the steel bars. Simulation predic



Table 5
CAMUS I – global response comparisons

Displacement (cm) Shear force (kN) Moment (kN m) Axial force (kN)
exp. comp. exp. comp. exp. comp. exp. comp.

Nice0.24g 0.72 0.61 65.9 65 200 200 202 190
S. Fr.1.13g 1.2 1.1 106 90 280 240 271 270
Nice0.40g 1.35 1.1 86.6 75 280 240 217 225
Nice0.71g 4.4 3.9 111 120 345 380 312 310
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Fig. 8. CAMUS I – displacement time history at the top (San Franci
1.13g).

Fig. 9. CAMUS I – displacement time history at the top (Nice S1 0.71g).

satisfactorily the maximum displacement and there is n
shifting between the curves (Fig. 10). The Melendy Ranch
seismic input motion caused important damage to the mo
up with extensive cracking and beginning of crushing at
wall extremities. Permanent displacements were obser
at the end of the sequence, sign of residual cracks
significant yielding of the reinforcement bars. A large
crack appeared throughout the base of each wall. The
bendingmoment reached the value of the ultimate mom
(MRd = 400 kN m: design flexural capacity for the select
curtailment of vertical bars). It is recalled that the maximu
7

d

accelerations of the MelendyRanch signal are around the
natural frequency of the specimen. Results of the simula
are compared with the experimental results in terms
displacements at the fifth floorand moments at the upper pa
of the footing and show a fairly good agreement (Figs. 11
and 12). Table 7 presents the comparison between mod
and experiment for the complete loading sequence. Res
are satisfactory for the three first sequences. However, s
differences appear later on the displacements. This is du
the fact that no calibration of the numerical model has tak
place – the model is more rigid than the specimen. One
also to keep in mind the limitations of the approach (bo
slip and buckling are not taken into account, the interact
with the shaking table is quite complex and changes with
evolution of damage, constant Rayleigh damping . . . ).

Table 6
CAMUS III – modal analysis

Predicted frequencies (Hz) Measured frequencies (Hz)

1st mode 7.25 6.88
2nd mode 20.0 20.0

4.3. Variation of the axial force

Numerical and experimental results show a variation
the axial force at the base of both mock-ups. As the crac
close, shock is induced, stiffness changes suddenly and
second mode (pumping mode) is excited [38]. This variation
of the vertical dynamic forces is important and for seve
loading it can even double or cancel the axial force d
to the dead weight of the specimen. Experimentally,
phenomenon can be quantified by the measurement o
induced vertical acceleration at the shaking table.

The numerical parameter that helps reproduce t
coupling between flexural and axial bending is the cra
closure functionσ f of Eq. (13). Computations are performe
with different forms of the crack closure function for th
CAMUS I specimen (Fig. 13). Results presented inTable 8
show that the local behaviour of concrete plays a ve
important role in the global structural response and that
crack closure function can be identified for the differe
levels of loading.

Fig. 14 presents a sequence of the variation of t
moment and the dynamic variation of the axial for
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Fig. 10. CAMUS III – displacement time history at the fifth floor (Nice S
0.42g).

Fig. 11. CAMUS III – displacement time history at the fifth floor (Melend
Ranch 1.35g).

Fig. 12. CAMUS III – moment time history at the upper part of the footi
(Melendy Ranch 1.35g).

– referred to a zero initial value – of the CAMU
III specimen (computation). During the closure of t
cracks (displacement or moment equal to zero) a hig
compression appears suddenly. A tension force of the s
order of magnitude immediately follows this dynamic ax
compression. For this calculation the crack closure func
8
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Fig. 13. Concrete model – effect of the crack closure stress on the slo
the stiffness recovery during cyclic loading.

Fig. 14. CAMUS III – axial force and momenttime history (computation).

σ f is chosen equal to 1.3 MPa. If a weaker law crack clos
function was chosen the stiffness change would have b
more gradual and thus shocks would have been avoided
the extension–compression mode not excited [39].

4.4. Steel strain and damage distribution

The final crucial point in modelling pertains to computi
the corresponding local level of degradation for bo
concrete and steel.Fig. 15shows a typical result of this kind
with the level of damage in concrete and the irrevers
strains in steel at the end of the complete loading sequenc
for the CAMUS I specimen. One can see that the glo
trend observed experimentally is recovered in computatio
at this local level. The location of the critical region
positioned on the upper level. This particular behavi
is mainly due to the effect ofthe second pumping mode
whose primary effect results in shifting the failure regio
Fig. 15 clearly demonstrates however that the compu
strains always underestimate the experimentally obtai
values.

Af ter the Melendy Ranch seismic input motion, the str
gauges situated just above the level of the construction
of the first floor of the CAMUS III specimen indicated hig
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Fig. 15. CAMUS I – degradation of the specimen at the end of the analysis. Location of the cracks on the instrumented wall at the end of the loading sequee.
Measured and computed strains (maximum values).
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Fig. 16. CAMUS III – specimen at the end of the test (right wall).

strain values at this level on theone hand, and much lowe
values at the level corresponding to the second and th
floor, on the other hand (see alsoTable 9). Consequently
damage seemed to be concentrated at the level of
story with large plastic rotation at the base. This fa
was confirmed by the inspection of the specimen after t
failure test (Nice S1 – 1.0g): almost all the vertical stee
reinforcement bars were broken and buckled just above
level of the firstconstruction joint. The zone where ruptu
of the bars took place followed the main cracks at the b
(Fig. 16).

The damage variablesD1 and D2 (Eq. (12)) vary
normally between 0 (non damaged section) and
(completely damaged section). By filtering their valu
between 0.95 and 1.0 we omit the micro-cracks and we h
an image of the bigger cracks of the model.Fig. 17presents
the damage pattern due to compression and tension a
end of the calculation for the complete loading progra
Comparison with the actual position of cracks shows t
again the model is able to reproduce the global tre
observed experimentally (creation of the plastic zones at
base of the walls this time). The wall is mainly damage
at the base and that is in accordance with the EC8 design
philosophy (“monofuse” concept).
9

t

e

Table 9presents the comparison between the meas
and the computed steel strains at different locations at
end of the loading program. Although the model reprodu
correctly these deformations for the points B and C,
results were not so satisfactory at point A where several s
bars were broken (Fig.17andTable 9). A constitutive model
based on a continuum mechanics theory has difficultie
reproducing discrete phenomena as the local behaviou
materials at areas were significant cracks appear. Du
the small reinforcement ratio, the failure phenomenon
only happen by rupture of the steel bars under tension,
post-peak behaviour cannot be well represented for b
specimens. This is more obvious for the CAMUS I specim
where the model is able to reproduce qualitatively but
quantitatively the distribution of strains (seeFig. 15). Having
less reinforcement, the CAMUS I specimen is more pro
to localised deformations leading to rupture. The lack
information at the local scale (for example real strain in
steel bar at the location of a crack) is the major drawb
preventing the designer from expressing physical crite
describing rupture.

5. Conclusions

The experimental campaigns of the CAMUS I a
III specimens were an excellent opportunity to test
ability of the proposed numerical tools to simulate t
non-linear behaviour of structures following differe
design philosophies. The CAMUS III design follows EC
provisions that localize damage at the base of the w
and keep the upper stories linear (“monofuse” conce
CAMUS I is designed according to the French practice t
opts for a “multifuse” design where damage is distribut
throughout the height of the structure. This last appro
leads to a multiplication of the dissipation zones, decrea
the amount of steel needed and is interesting especiall
areas with low to medium earthquake risk.

Both structures are simulated using Bernoulli mu
layered beam elements and advanced constitutive laws b
on damage mechanics and plasticity. The advantage of u
such beam elements is that engineers are familiar w
them and that the resulting mesh has a relatively sm
number of degrees of freedom allowing for parametri



(c).
Fig. 17. CAMUS III – cracking of the wall at the end of the experiment (a) damage pattern due to compression (b) due to tension
Table 7
CAMUS III – global response comparisons

Disp. fifth fl. (cm) Shear force (kN) Moment (kN m) Axial force (kN)
exp. comp. exp. comp. exp. comp. exp. comp.

Nice S1 0.42g 0.7 0.6 79.6 78.8 263 247 222 232
Nice S1 0.24g 0.4 0.3 48.2 32.8 147 132 198 208
Mel. R1.35g 2.9 2.1 151 153 510 469 374 348
Nice S1 0.64g 2.7 1.7 124 83.8 401 289 304 246
Nice S1 1.0g 4.7 2.4 140 123 410 364 314 292

Table 8
CAMUS I – vertical forces (kN): experimental and numerical results for various values ofσ f Eq. (13)

σ f = 3.5 MPa σ f = 1.75 MPa σ f = 1.3 MPa σ f = 1.0 MPa Experiment

Nice S1 0.24g 115 119 120 120 138
San Francisco 1.13g 150 160 200 218 198
Nice S1 0.40g 119 132 155 165 146
Nice S1 0.71g 140 190 240 265 248
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Table 9
CAMUS III – maximum plastic deformations of steel bars at the base at
end of the loading program

Def. steel Test(%) Model(%)

Point A a 0.76
Point B 0.3 0.38
Point C 0.25 0.14

a Excessive plastic deformation or broken steel bar.

studies. Comparison with the experimental results pro
the ability of the proposed strategy to reproduce the globa
but also thelocal behaviour of the specimens in terms o
displacements, forces and damage distribution patterns. The
different dissipation zones are also correctly reprodu
even under severe loading.

The small differences appearing between the experim
tal and the numerical results for the CAMUS III specimen
terms of the displacements aredue to the fact that no calibra
tion of the model has been performed making this compa
son similar to the oneof a “blind test”. One has also to con
sider the limitations of the approach (bond slip is not tak
10
-

into account, linear shear, complexity of boundary con
tions).

An interesting point of this study is the variation of th
axial forces that the numerical and experimental results h
demonstrated. This phenomenon has a major effect on
structural response as these types of walls have low vert
stresses due to gravity. Modelling correctly such a structu
feature is important for R/C structures where the interact
between flexural bending and normal loading has to be ta
into account. Results of the simulation depend primarily
the parameter of the local constitutive relation controlli
the closing andopening of the cracks in the concrete durin
the loadings.

The major drawback of this approach is that a mo
based on continuum damage mechanics is inadeq
to capture localized, discretephenomena like excessiv
plastic deformations and significant cracks. In order
remain within the framework of simplified methods rece
developments investigated the possibility to extend t
method by introducing simple failure criteria and dissipati
at a local (material) level in order to couple the state
cracking with the level of dissipation by frictional slidin
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of the crack surfaces [40]. Another possibility is to use non-
local approaches [41] or to couple the damage model with
local second gradient models [42,43]. Work is in progress in
that direction.
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