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A 3D FIBER BEAM ELEMENT ANALYSIS FOR R/C
STRUCTURAL WALLS
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ABSTRACT

To analyse the real 3D functioning of a structure under seismic loading the dialogue between
tests and numerical simulations is needed. Within the framework of the TMR - ICONS
research program, dynamic and cyclic tests on U-shaped shear walls have been performed at
CEA Saclay and JRC Ispra respectively. More recently, for the French program “CAMUS
2000, shaking table tests have been performed on reinforced concrete structural walls. In
order to simulate these tests, 3D multi-fiber beam elements are used. Comparison with the
experimental results shows the well matching and the limitations of the approach.

Keywords: fiber beam elements; dynamic transient analysis; continuum damage mechanics;
seismic loading.

INTRODUCTION

Since 10 years France is involved on a series of seismic experimental programs, CASSBA,
CAMUS and now CAMUS 2000 [1]. The main topics of the research are the effects of
different reinforcement ratios, the effects of the support conditions and more recently the
effects of a multi-directional loading. In order to simulate the 3D behaviour of the structures
tested, a simplified modelling based on Euler-Bernoulli fiber-beam element description is
used. That point is in progress and the presentation of the first results is shown.

A few months before, within the framework of the 5th topic (“Shear Wall Structures”) of the
TMR (Training and Mobility of Researchers) ICONS (“Innovative Seismic Design Concepts
for New and Existing Structures”) European Program, a series of dynamic and cyclic tests on
U-shaped cross section shear walls have been carried out at CEA Saclay [2] and at JRC Ispra
[3] respectively. The tests have been performed until collapse of the structures. In order to
simulate the non linear behavior of the specimens, a 3D multi-fiber Timoshenko beam
element has been developed and implemented into the library FEDEAS [4] of the finite
element code FEAP [5]. The element uses higher order interpolation functions to avoid shear-
locking phenomena. Some results of the simulation of the cyclic behaviour of these walls are
also presented here.



Material modelling is based on continuous damage mechanics for concrete and uses
kinematics hardening plasticity for steel. Some basic aspects for the use of such models in the
framework of multi-fiber elements are presented at the beginning of the paper.

MULTIFIBER BEAM ELEMENTS

In order to conduct parametrical studies on big structures under seismic loading, we cannot
afford classical 3D non-linear transient analysis. Our wish of simplicity and robustness lead
to the use of 3D multi-fibers beam elements. In this section we describe only a short view of
this method to point out the well matching and the limitations of it.

Cross section behavior

A multi-fiber beam element is first of all a beam element. Along its axis, usual beam shape
functions are used. The difference with “classical” beam elements is in the cross section
behavior, that is the relation between the generalized strains e and the generalized stresses s.
In the general 3D case, for a Timoshenko like element:

s=(N & S M. My My and e=(e ¥ 7 6 p x) (1)
where N is the normal force, S and S: the shear force, M: the torque, My and M: the

bending moments, & the axial strain, % and }: the shear strains, 6 the twist, )y and y: the
curvatures. The cross section behavior is expressed with the matrix :
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where the coefficients are obtained through integrals over the cross section (y and z axes) :
Ky = | EdS; K5 =[EzdS;
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In these equations ky and ky are shear correction factors. E and G (Young and Coulomb
modulus) are functions of y and z. They can be initial, secant or tangent modulus depending

on the algorithm used to solve the global equations. The numerical integrations of Eq. 3 are
made with one gauss point per fiber.



For an Euler-Bernoulli like element, the terms Sy, S ,» and ¥ in Eq. 1 do not exist. The
cross section behavior matrix is 4x4 without the terms Ks22, K33, Ks24 nor Ks4. The shear
forces are computed at the element level through the equilibrium equations (included in the
shape functions).

Constitutive models

1D constitutive laws for concrete and steel are applied at each fiber. Seismic loading, which
includes cyclic aspects, produces micro cracking in concrete. The major phenomena —
decrease in material stiffness as the micro-cracks open, stiffness recovery as the cracks close
(unilateral behavior of concrete) and inelastic strains concomitant to damage — have to be
taken into account. The constitutive law used for concrete is based on the principles of
damage mechanics [1, 6]. The law, called “Unilateral damage law”, is elaborated for the
description of micro-cracks and involves two damage scalar variables, one in tension D; and

one in compression D,, and the description of isotropic inelastic strains. The model is able to

simulate the unilateral behavior of concrete via a recovery stiffness procedure at re-closure
(Figure 1). The total strain in the 1D formulation of the law is given by:
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where & and £” are the elastic strain and the inelastic strain respectively and E is the initial
Young's modulus. The positive part and negative part of the stress are expressed by :

0>0 = o0,=0,0 =0

(7)
0<0 = 0,=0 ,0 =0
F(0) is the crack closure function, depending on the stress and on the material parameter o,
(crack closure stress):

c>0 — F(o) =1

-0,<0<0 — F(0) =1-< (8)
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Damage criteria are expressed as f;=Y,—Z, (i=1 for tension or 2 for compression, Y, is the
associated force to the damage variable D, and Z; is a threshold dependent on the hardening
variables). The evolution laws for the damage variables D, are written as :

D=1- 1 9
STy ©

where Y, is the initial elastic threshold and A, B, and £, are material constants.
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Figure 1: 1D “Unilateral damage law” Figure 2: 1D steel constitutive law

A plasticity model with cinematic hardening is used for steel (Figure 2). Hardening can be
linear or not depending on the information provided from the steel tensile strength tests. Only
the longitudinal reinforcement is considered for the predictive calculations. Shear
reinforcement and stirrups are not directly simulated. The concrete inside the stirrups is
modelled with different parameters to take into account the confinement.

SHAKING TABLE TEST (CAMUS 2000-1)

Description of the experiment

The main goal of the CAMUS 2000-1 experiment is to investigate the behavior of reinforced
concrete bearing walls subjected to multidirectional seismic loading. The specimen is a 13"
scaled mock-up of a 5 storeys building anchored to the shaking table of the CEA Saclay as
described in Figure 3, Tables 1 & 2.

Table 1. CAMUS 2000-1 — Description of the test

1 Test Dynamic
Boundary conditions Fixed base
Scale 1/3
Height/Length =3
Walls (I/h/d) m | 1.7x5.1x0.06
Floors V/d) m | 1.7x1.7x0.21
Base slab (I/h/d) m | 1.7x0.6x0.06
Normal stress at the base MPa 1.6
Masse Kg 36310
Table 2. CAMUS 2000-1 — Reinforcement in each edge (mm?)

5™ storey 104.5=15.9

4™ storey 104.5=15.9

3" storey 1¢4.5=15.9

2" storey 304.5=47.7

1* storey 604.5=95.4

Figure 3: CAMUS 2000-1 specimen.



The loading is a set of accelerograms applied at increasing level of maximum acceleration
(0.15g, 0.6g and 1.0g) in the X and Y directions (Z is the vertical axis).

Predictive numerical studies

The finite element analysis has been performed in CASTEM-2000 [7] with 3D multi-fibers
Euler-Bernoulli beam elements. The mock-up modelling as well as the finite element mesh is

presented in Figure 4.
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Figure 4: CAMUS 2000-1- FE mesh and boundary conditions

The additional masses and the weight load of each floor are concentrated at each storey. The
stiffness of the springs below the shaking table is identified so as to fit the first eigenmodes
measured on the virgin structure before the application of seismic loadings. The comparison
between the first 3 numerical and experimental eigenmodes is reported in Table 3.

Table 3: Eigenmodes of the mock-up placed on the shacking table.

Computations Experiments
In plane flexion 6 Hz 6
Out plane flexion 5.5Hz 5.45
Global torsion 12 Hz -

The damping has been introduced through a Rayleigh type viscous damping matrix. The
parameters of this damping matrix have been calibrated so as to introduce 3.5 % of damping

on the 1st and the 3™ eigenmodes.

Results

First results are presented in terms of global flexural moment in the plane of the wall (X
direction) for the 0.15g level of loading (Figure 5) and horizontal top displacements out of the
plane of the wall (Y direction) (Figure 6). Based only on material characteristics deduced
from previous tests on samples, these results have been obtained without any calibration
according to the experimental results. Others results are available at the global level they
exhibit quite good correlation, however more investigations for such analysis are in progress
on the effects of damping and improvements of the modelling, particularly at the local level.
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Figure 5: In plane flexural moment at the base : 0.15 g accelerogram
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Figure 6: Out of plane horizontal top displacement: 0.15 g accelerogram

CYCLIC TESTS ON U-SHAPED WALLS

Description of the test

Four U-shaped walls have been tested in the reaction wall facility of the ELSA laboratory at
JRC Ispra [3]. Geometrical dimensions and steel reinforcement of the specimens are shown in
Figure 7. The specimens are composed of the u-shaped wall itself, the inferior and the
superior slabs. The superior slab is used as the horizontal load application point. Six vertical



post-tensioning bars apply the normal force (2MN). These bars are disposed in a way that the
force is applied close to the inertial center in order to avoid spurious bending on the structure.
Torsion is prohibited during the tests. The walls have been instrumented in order to monitor
their global (displacements, accelerations) and local (crack openings, strains of the steel
reinforcement, shear deformation) behavior.
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Figure 7: Description of the U-shaped specimen

A bi-directional test has been performed on one of the specimens. The applied load is
presented in Figure 8 [3]. Four actuators, 2 in each direction, were used to apply the load and
to prevent the rotation of the top slab around the vertical axis (no torsion rotation).
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Figure 8: Prescribed displacements — Butterfly path.
Numerical simulation

In order to model the test where 3D phenomena were prevailing, a 3D multi-fiber
Timoshenko beam element has been developed [8]. The element uses higher order
interpolation functions to avoid any shear locking phenomena [9]. The shape functions used
along the axis of the beam element (X-axis) are not detailed here.

Eleven multi-fiber Timoshenko beam elements are used to model the wall, with two gauss
points per element along the X axis, that is two cross section (Eq. 2). Each cross section has
177 concrete fibers and 46 steel fibers. The base slab is not simulated and the wall is
considered fixed at the base. The top slab has a linear behavior and the rotation of the upper
part is prohibited in order to correctly reproduce the boundary conditions of the test. The



specific values used for the materials in the 1D constitutive laws presented before (Figures 1
and 2) are reported in Table 4.

Table 4: Specific values used for the materials

Young’s modulus (concrete) 20000 MPa
Poisson coefficient (concrete) 0.2
Compression strength (concrete) 31 MPa
Compression strength (confined concrete) 39 MPa
Young’s modulus (steel) 200000 MPa
Poisson coefficient (steel) 0.3

Yield strength (steel) 460 MPa
Ultimate strength (steel) 710 MPa
Ultimate deformation (steel) 11%

Comparison of the numerical and experimental results for the eight flies of loading is
represented in Figures 9-10 (the A,B,C letters refer to the Figure 9). The model simulates
correctly the global behavior of the mock-up in terms of displacements in both directions.
Nevertheless, one can observe some differences between the test and the simulation,
especially in the unloading zones. This point is discussed in the next paragraph.
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Figure 9: Cyclic test — Shear force versus displacement in the X direction.
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Figure 10: Cyclic test — Shear force versus displacement in the Y direction.

DISCUSSION

The global tendency of the simulation is to correctly model the test but there are still some
differences. Two main points are under investigations : the non-linear torsion modelling and
the use of a 3D robust constitutive model to take into account shear in the fibers.

Even if torsion rotation of the top slab was prevented in the U-shaped wall tests, torsion
effects due to cracking have been observed. Indeed, the torsion centre (computed from the
experimental force values of the actuators) moved a lot. It starts from inside the U shape and
ends outside when the wall exhibits cracks at its base. In the presented simulations, the term
K544 in Equation 3 is not computed through numerical integration (a too great number of
fibers should be needed to have an accurate value of this term). A constant value given at the
beginning of the simulation is kept (linear elastic behavior in torsion). A good evaluation of
the term K4 taking into account the damaged modulus would lead to better results.

In Equation 3, E and G are affected by the damage state of the fibers. Thus the damage
influences the internal forces of the beam element (even the shear forces). The constitutive
laws used are 1D, thus only the axial strain &« of the fibers is used to compute damage. The
use of a 3D constitutive law would permit to take into account the shear strains &, and &y of
the fibers in the computation of damage. Works are in progress in these different ways.

CONCLUSIONS

The use of multi-fiber beam elements in the numerical simulation of reinforced concrete
structures under seismic loading is a good compromise between the refinement of the
modelling and the rapidity of the computations. They are not-much-time consuming and
allow for parametrical studies even though the phenomena are quite complex. They allow the
use of refined local constitutive laws like damage models as presented in this paper.
Depending on slenderness of the structure, Euler-Bernoulli or Timoshenko beam elements
can be used taking into account or not shear effects. This tool is used during both pre-



experimental and post-experimental phases. Predictive calculations help to define the loading
sequences and the maximum acceleration to apply to the structures. Post experimental
calculation help the analysis of the functioning of the structure during the test. At this stage of
development the comparison with the experimental results are globally consistent for the two
kind of structures presented in this paper, each loaded in a 3D manner (one vertical dead load
and two directional dynamic or cyclic loading).

Two main point are under investigation to enhance the method: a better way to take into
account of the non linear torsion and the improvement of the 3D damage constitutive law to
better model the effects of shear.
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