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1 ABSTRACT 

In order to assess the seismic tri-dimensional effects and non-linear response of reinforced concrete 
buildings, a reduced scaled model (scale of 1/4th) of a nuclear reinforced concrete building was tested during 
year 2008 on AZALEE shaking table at Comissariat à l'Energie Atomique (CEA Saclay, France). This test, 
supported by CEA and Electricité de France (EDF) is part of the international "SMART-2008" project. 

The first part of the project was a blind prediction of structure behaviour subjected to the ground motion 
levels from peak ground acceleration (PGA) of 0.1g up to 1g. As continuation to the first part of the project 
participants were given test results from the design level ground motion test so that the participants could 
adjust their analysis models. The design level ground motion is defined to be 0.2g PGA. 

This paper presents the approach and the methodology adopted by the authors to model the specimen. 
After blind prediction were analyzed an effort was made to adjust the finite element method (FEM) model so 
that the results match better to the test results for the design level ground motion.  

2 INTRODUCTION  

The objective of SMART 2008 testing program is to study the reinforced concrete (RC) buildings exhibiting 
3D (i.e. torsion) effects and non-linear response [CEA, 2008]. Three dimensional effects of the seismic 
response of structures is one of the main concerns in the field of earthquake research and regulation. In order 
to assess the capability of structures to withstand earthquake loads as well as seismic loads induced to the 
equipment supported by structures a reduced scale model of a reinforced concrete building was tested on the 
shaking table. The test campaign was carried out on the AZALEE shaking table at the Sesmic Mechanic 
Study Laboratory of CEA Saclay, France. 

The SMART 2008 benchmark study is divided in 2 phases. In phase 1 the blind prediction and testing 
campaign was carried out during the years 2007 and 2008 to assess design methods for structural dynamic 
response and floor response spectra evaluation and to compare best-estimate methods for structural dynamic 
response and floor response spectra evaluation. The blind prediction response is finally compared to test 
results at various seismic levels, including high acceleration levels. In Phase 2 the objective is to quantify 
variability and identify contributions from epistemic uncertainties and random variables and to investigate 
different methods for establishing equipment fragility. The second phase is based on significant numerical 
calculations. 

In this paper, only the design level ground motion of 0.2g peak ground acceleration (PGA) level is 
examined.   

3 MODEL GEOMETRY OF SMART 2008 SPECIMEN  

The ¼ - scale model to be studied is a trapezoidal, three-story reinforced concrete structure. It is composed of 
three walls forming a U shape, as shown on Figures 1 and 2. Figure 2 indicates the orientation and the 
elevation heights of the specimen and the position of the origin of the used coordinate system. The 
simulation results will have to be presented according to these axes. The wall thickness of the specimen is 10 
cm. 



 2   
 

   
Figure 1. Photograph of the SMART specimen.  

   

                     
Figure 2. Plan and the elevation view of of the specimen. XY -coordinate system used in the analysis 
is also displayed on the left side. 

The walls and slabs of the specimen are reinforced according to the RCCG design code [1988] for 0.2g 
seismic ground motion. The foundations of the specimen are made of a continuous reinforced concrete 
footing. The footing is 38 cm wide, 15 cm high and lies on a 62*2 cm high steel plate. The reinforced 
concrete column is directly anchored on a 62 by 62 cm steel plate. The steel plates are bolted on AZALEE 
shaking table with M36 screws.  

4 DESCRIPTION OF MASS DISTRIBUTION ON SMART 2008 SPECIMEN  

Additional loads are applied on the slab at each elevation in order to reproduce the structural and additional 
masses of the real structure. The total weight of the specimen is about 46.81 tons. Summary of the mass 
distribution in the specimen is as follows: 

o Self weight of the structure ~ 9.31 tons 
o Load of the foundations ~ 2.11 tons 
o Additional loading on the 1st slab ~ 12.06 tons 
o Additional loading on the 2nd slab ~ 12.70 tons 
o Additional loading on the 3rd slab ~ 10.63 tons. 

 
The additional loadings are positioned directly on top of each slab, by using steel or lead plates and 

blocks. For slabs n°1 and n°3, only steel plates and blocks will be used. Table 1 gives the additional masses 
type and thickness for each floor. 
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Table 1. Additional loadings information 

            

5 GROUND MOTION DEFINITION 

The ground motion response spectra are given in graphical form in Figure 3. The synthetic ground motion 
spectra are anchored to the PGA acceleration value of 0.2g: 

 

  
Figure 3.  Synthetic ground motion response spectra definition in graphical form with different 
damping ratios for SMART 2008 specimen. 

The shape of the synthetic acceleration time histories for the x- and y- coordinate directions, fitted to the 
5% damping ground spectra, are given Figure 4. 

 

 
Figure 4. Shape of the synthetic ground motion acceleration time history for x- and y- directions. 

6 FINITE ELEMENT MODELING OF SMART 2008 SPECIMEN RESPONSE FOR 
GROUND MOTION EXCITATION 

6.1 Overview 

The model, presented in figure 5, was constructed using ABAQUS [2007] software. The Element types used 
were shell, solid and truss elements. The foundation of the specimen was considered to be rigid. 
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Figure 5. Finite element model for the SMART 2008 specimen. 

Table movement (ground motion) was introduced to the model by means of prescribed displacement 
time history at the base nodes of the model. Both x- and y- direction time histories were applied 
simultaneously. 

Similar to Yung-Yen Ko et al. [2008] explicit time integration was used in the response analysis. 
Arguments for the use of explicit time integration are: 1) local convergence problems which are usually 
present with implicit time integration can be voided and 2) brittle cracking concrete material model is 
available only for the explicit time integration in ABAQUS software. 

The brittle cracking formulation was considered to be best material model available in ABAQUS 
software for the problem at hand because the specimen is subjected to tri -dimensional motion and the 
material model should be able to model crack induced material anisotropy. The subsequent description of the 
brittle cracking is based on the information provided by the ABAQUS users documentation [2007]. 

The overview of brittle cracking model using the smeared crack concept for reinforced concrete in 
Abaqus/Explicit is as follows: 1) It provides a capability for modeling concrete in all types of structures: 
beams, trusses, shells and solids; 2) It is designed for applications in which the behavior is dominated by 
tensile cracking; 3) It assumes that the compressive behavior is always linear elastic; 4) It must be used with 
the linear elastic material model, which also defines the material behavior completely prior to cracking; 5) It 
is most accurate in applications where the brittle behavior dominates such that the assumption that the 
material is linear elastic in compression is adequate.  

The smeared crack model does not track individual “macro” cracks: instead, constitutive calculations 
are performed independently at each Gauss point of the finite element model. The presence of cracks enters 
into these calculations by the way in which the cracks affect the stress and material stiffness associated with 
the Gauss point. The term “crack” is used to mean a direction in which cracking has been detected at the 
single Gauss point. The anisotropy introduced by cracking is assumed to be important in the simulations for 
which the model is intended. The brittle cracking model assumes fixed, orthogonal cracks, with the 
maximum number of cracks at a Gauss point limited by the number of direct stress components available. 
Once cracks exist at a point, the component forms of all vector- and tensor-valued quantities are rotated so 
that they lie in the local system defined by the crack orientation vectors that are normal to the crack faces. 
The crack orientation vectors are orthogonal, so that the local crack coordinate system is rectangular 
Cartesian.  

A simple Rankine criterion is used to detect crack initiation. This criterion states that a crack forms 
when the maximum principal tensile stress exceeds the tensile strength of the brittle material. As soon as the 
Rankine criterion for crack formation has been met, we assume that a first crack has formed. The crack 
surface is taken to be normal to the direction of the maximum tensile principal stress. Subsequent cracks may 
form with crack surface normal in the direction of maximum principal tensile stress that is orthogonal to the 
directions of any existing crack surface normal at the same point.  
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Cracking is irreversible in the sense that, once a crack has occurred at a point, it does not heal during 
any subsequent calculations. However, crack closing and reopening may take place along the directions of 
the crack surface normal.  

The specification of post-failure behavior in brittle cracking model means giving the post-failure stress 
as a function of strain across the crack. Since the strain at failure in standard concretes is 10–4, the practically 
effective and reasonable definition of post-failure behavior reduces the stress linearly to zero at total strain of 
about 10-3. For the post-cracking shear behavior the similar approach is adopted as for tensile behavior and it 
is called the shear retention model. 

Reinforcement in concrete structure was provided by means of rebars. Rebars are one-dimensional 
strain theory elements that can be defined singly or embedded in oriented surfaces. They are used with 
elastic-plastic material behavior and are superposed on a mesh of standard element types used to model the 
concrete. With this modeling approach, the concrete cracking behavior is considered independently of the 
rebar. Effects associated with the rebar/concrete interface, such as bond slip, are modeled approximately by 
introducing some “tension stiffening” into the concrete cracking model to simulate load transfer across 
cracks through the rebar.  

In shell elements the use of "rebar layer" option provided by the ABAQUS software was also deployed. 
In this modeling approach the rebars are defined as layers of reinforcement as part of shell element section 
property. 

6.2 Concrete modeling 

In blind prediction the value used for tensile cracking stress was 3.6 MPa and the value for the fracture 
energy, defined in ABAQUS users documentation [2007], was about 160 N/m. These values are based solely 
to the authors prior experiences of the modeling the concrete type similar to SMART specimen. 

A small amount of Rayleigh stiffness proportional damping was introduced to the model in order to 
damp out high frequency noise from the results. The Rayleigh damping used corresponds about 1% damping 
ratio at 10 Hz frequency.  

7 RESULTS OF THE BLIND PREDICTION  

The blind prediction analysis of the structural response of the 3D test specimen concentrates to the overall or 
global response meaning acceleration and displacement response histories at specified points of the model. 
At specific time points during these response histories all response variables including element stresses and 
strains were also stored. In the later phases of the SMART project these variables are also plotted out and 
compared to the actual measured values during the tests. 

The main focus at this point of the task is to validate the transient non-linear response simulation 
methods for large 3D -models against the actual measured values at test and to utilize the in-structure 
response spectra so determined in the more realistic and rational design and analysis of secondary structures 
inside the primary structure.  The result locations for structural response calculations are given in Figure 6. 
As an example of the blind prediction response calculations the relative displacements at the roof level are 
compared in two points in table 2. The floor response spectra at the roof elevation for the synthetic ground 
motion excitation at 0.2g level are given in Figure 7. 

        

  

Figure 6. Identification of the locations where results have to be computed. In this paper we examine 
only points A, B, C and D. 
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Table 2. Maximum relative displacement comparison for result locations C and D. 

 Measured Blind Prediction 
Displ-C-Y-dir [mm] 6.0 5.5 
Displ-D-X-dir [mm] 6.6 7.1 

   
 

 

3rd Floor Spectra, Damping 5%, Blind Prediction Results for 0.2g PGA
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3rd Floor Spectra, Damping 5%, Test Results for 0.2g PGA

0

1

2

3

4

5

6

7

0.1 1 10 100

Freq [Hz]

A
cc

 [g
]

AX

AY

BX

BY

CX

CY

DX

DY

 
 

Figure 7.  Response spectra at roof level corner locations. Upper chart presents the blind prediction 
results and the lower chart presents the measured test results. 

In figure 8 is presented quite interesting recording of the shaking table actual movement compared 
to the ground motion definition that was used in FEM analysis. 
 

     

Actual Ground Motion in the 0.2g PGA Test, Damping 5%
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Figure 8. Actual ground motion (table movement) vs. ground motion definition used in FEM analysis. 
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The figures 9 and 10 compare blind prediction envelope spectra at the roof level to the measured 
envelope spectra in X- and Y -direction. 
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Figure 9. Blind prediction roof level envelope spectrum (red) compared to measurement in X -
direction.   
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Figure 10. Blind prediction roof level envelope spectrum (red) compared to measurement in Y -
direction. 

7.1 Conclusions about blind prediction 

Figure 8 shows that the table movement defined in blind prediction deviates quite a lot from the measured 
table movement.  

Based on the figures 9 and 10 the responses of the real specimen are much lower then the FEM model 
predicts. This means that the real specimen dissipates energy more. Figure 9 also indicates that the FEM 
model is stiffer in x direction than the real specimen. 

8 CORRECTIVE ACTIONS FOR THE BLIND PREDICTION FEM MODEL 

8.1 Model adjustment 

Based on the measurements the table movement seemed to be quite different that was defined for the blind 
prediction as can be seen in the figure 8. The first corrective action was to give FEM model the realistic 
ground motion boundary condition. The measurements showed that there were also some vertical motion and 
rocking of the shaking table during the test. Motivated by this an average vertical ground motion was 
constructed from the shaking table measurement data and introduced to the model.  

Several attempts were made to tune concrete tensile behavior. These attempts weren't successful so 
decision was made to leave tension behavior same as it was in blind prediction. However, guided by the 
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Eurocode 8 [2003], an effort was made to reduce overall stiffness of the model. Eurocode 8 [2003] suggest  
that unless a more accurate analysis of the cracked elements is performed, the elastic flexural and shear 
stiffness properties of concrete and masonry elements may be taken to be equal to one-half of the 
corresponding stiffness of the uncracked elements. This kind of stiffness reduction was made by reducing 
Young's modulus of the concrete in the FEM model. 

Several iterations were made with different Young's modulus and the best results were achieved with 
Young's modulus of 15 000 000 kN/m2. 

As was stated in blind prediction conclusions the real specimen seemed to dissipate more energy than 
the FEM model. Motivated by this, the stiffness proportional damping was increased and some mass 
proportional damping was introduced also. The Rayeigh damping used in the model is illustrated in figure 
11. 
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Figure 11. Rayleigh damping with mass proportional term α = 0.3 and stiffness proportional term β = 
6×10-4. 

8.2 Results 

As an example of the adjusted FEM model response calculations the relative displacements at the 
roof level are compared in two points in table 3. The figures 12 and 13 compare envelope spectra at 
the roof level to the measured envelope spectra in X- and Y -direction. 

Table 3. Maximum relative displacement comparison for result locations C and D. 

 Measured FEM 
Displ-C-Y-dir [mm] 6.0 5.8 
Displ-D-X-dir [mm] 6.6 7.8 
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Figure 12. Adjusted FEM model roof level envelope spectrum (red) compared to measurement in X -
direction. 
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Figure 13. Adjusted FEM model roof level envelope spectrum (red) compared to measurement in Y -
direction. 

9 CONCLUSION AND DISCUSSION 

The FEM model of the SMART 2008 was analyzed with explicit time integration using brittle cracking 
material formulation for concrete. In blind prediction phase it was found that the defined ground motion 
deviated significantly from the measured movement. The blind prediction FEM model over estimated largely 
the responses. 

The ground motion was corrected and the stiffness of the model was adjusted. Also the material 
damping was increased.  

The adjusted FEM model showed better compatibility to measurements. However, in the Y -direction, 
there can be seen a spurious response mode at 10 Hz. The spurious mode might be resulted from the way 
additional mass was modeled in the FEM model. In the FEM model additional mass was added directly to 
the slab as an element property. In real SMART 2008 specimen the additional mass was introduced to the 
system by means of stacked blocks of steel and lead plates that actually rattled very noticeably [CEA, 2008] 
when the ground motion was applied. This rattling behavior changes the response of the structure and 
increases the dissipation of the system. The shaking table rocking has also impact on the measured 
responses. 
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