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1 ABSTRACT  

Reinforced concrete buildings exhibiting tri-dimensional effects and non-linear response are a main concern 
in the field of earthquake research and regulation. In the last decade, several experimental tests have been 
performed on reinforced concrete structures under seismic excitations (i.e.  “CAMUS” program), in order to 
study the seismic behaviour of shear walls, but without significant 3D effects. The recent evolution of the 
different codes and the new French zoning map had emphasized the importance to better understand the 
capacity of irregular structure under seismic loadings.  

In order to assess the capability of structures exhibiting 3D effects to withstand earthquake loads as well 
as seismic loads induced to their equipments, a reduced scaled (1/4th) model of a 3 stories nuclear type 
reinforced concrete structure with 3D effects has been tested between June and September 2008 as part of the 
SMART project on AZALEE shaking table (EMSI Laboratory – CEA Saclay – France). 

This paper presents the main characteristics of SMART specimen, the seismic tests program, as well as 
some experimental tests’ results. 

 

2 INTRODUCTION 

Commissariat à l’Energie Atomique (CEA) and Electricité de France (EDF) launched in 2007 a project 
named SMART-2008” (Seismic design and best-estimate Methods Assessment for Reinforced concrete 
buildings subjected to Torsion and non-linear effects). The aim of this project is (1) to compare and validate 
approaches used for the dynamic responses evaluation of RC structures subjected to earthquakes and 
exhibiting both 3D and non-linear behaviours, (2) to evaluate loads induced to internal equipments and (3) to 
carry out realistic methods to quantify variability in order to produce fragility curves.  

As part of the project, and in order to assess the seismic tri-dimensional effects, such as torsion and non-
linear response of reinforced concrete structures, a reduced scaled model of a typical electrical nuclear 
reinforced concrete building was tested in 2008.   

 

3 EXPERIMENTAL MOCK-UP 

This section presents the general information regarding the SMART 2008 specimen. The specimen has been 
designed by IOSIS Group, according to the French nuclear methods, with a peak ground acceleration for the 
response spectrum anchored at 0.2 g. This seismic loading corresponds to a Safe Shutdown Earthquake 
(SSE) in a low to medium seismic area (equivalent to a magnitude of 5.5 with a distance of about 10 km). 
 

The 1/4th scaled model tested is a trapezoidal, three-story reinforced concrete structure (Figure 1), 
representative of a typical, simplified half part of an electrical nuclear building. It is composed of three walls 
forming a U shape. Two of those walls have openings. The walls and slab are 10 cm thick.  
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Figure 1. Plan view and elevations of the SMART2008 specimen 

Table 1 summarizes the main geometrical characteristics of the specimen. 
Table 1. SMART specimen geometry 

 Length (m) Thickness (m) Height (m) 
Wall (#V01 + #V02) 3.10 0.10 3.65 

Wall #V03 2.55 0.10 3.65 
Wall #V04 1.05 0.10 3.65 

Beam 1.45 0.15 0.325 
Column 3.80 0.20 0.20 

 
The bare structure weight about 11 T (Figure 2). Additional loading are placed on each slab (about 12 T on 
slab n°1 and slab n°2 and 11 T on slab n°3) in order to represent the real loading of the referential 
structure. The total weight of the SMART specimen is therefore of about 44 T. 
 

  
Figure 2. Photo of the SMART specimen, unloaded and fully loaded 

 
The SMART specimen has been cast in place at CEA, outside AZALEE shaking table, by FREYSSINET, in 
a dedicated area. The materials used for the specimen are the ones commonly used in the nuclear French 
engineering profession:  

• Concrete: C30/37, 
• Steel reinforcement: FeE500-3. 
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4 EXPERIMENTAL SEISMIC TEST 

The seismic tests were performed on AZALEE shaking table at the Seismic Mechanic Study Laboratory of 
CEA Saclay (France). 

 
AZALEE is a 6 m x 6 m aluminium shaking 

table, with 6 degrees of freedom and a maximum 
payload of 100 Tons (Figure 3). Eight hydraulic 
jacks (4 for horizontal excitations and 4 for 
vertical excitations) are connected to the table. 
Four static pneumatic supports under the table 
uphold part of the weight of the table and the 
specimen. The maximum displacement amplitude 
range is 250 mm for the two horizontal axes and 
200 mm for the vertical axis. 

 
 
 

 
Figure 3. AZALEE shaking table 

 
The experimental test started in June 2008. 

The tests sequence was realised as follows: 
 2 seismic tests with 2 different set of 

real accelerograms, at 0.05 g pga level, 
 10 seismic tests with the set of 
synthetic accelerograms (Figure 5), scaled 
from 0.1 g up to 1 g pga level. The set of 
two synthetics accelerograms has been 
derived from the following design 
response spectra (Figure 6). 

The pga values are presented in Table 2. 
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   Figure 4. Design Response Spectra 
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Figure 5. Synthetic accelerograms (unscaled) 
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Table 2. Maximum pga value for each run and each direction 
Run  3 4 5 6 7 8 9 10 11 12 15 18 21 

Max pga X (g) 0.08 0.08 0.19 0.21 0.19 0.23 0.33 0.41 0.41 0.54 0.58 0.70 0.75 
Max pga Y (g) 0.03 0.05 0.15 0.24 0.21 0.32 0.35 0.55 0.56 0.67 0.77 1.06 1.13 

 
An extensive set of instrumentation (more than 250 channels) has been set up on the specimen. The 

objectives of the instrumentation were: 
• For AZALEE shaking table : to record the behaviour of each degree of freedom (Dx, Dy, Dz, Rx, 

Ry, Rz) of AZALEE in acceleration and displacement, 
• For SMART specimen : to monitor the boundary conditions, to understand the global and the local 

behaviour of the specimen, to perform image analyses from high speed video recordings, realised 
during each test. 

 

5 EXPERIMENTAL RESULTS 

Because an extensive set of instrumentation has been set up on the specimen, only partial results will be 
presented at this time. This paper will focus on the global behaviour of the structure at under-design level, 
design level and over-design level. Special attentions will be given to the frequency evolution, the cracks 
evolution in the different elements and the global behaviour of the specimen.  

• Frequencies evolution :  
Initial frequencies of the specimen have been measured on AZALEE shaking table by EDF team, with 

additional masses using a shock hammer. Table 3 summarizes the first 3 values, with the deformed shapes 
associated presented in Figure 6.  

 
Table 3. Initial natural frequencies 

 f (Hz) Type 
Mode 1 6.8 Bending (Ox) 
Mode 2 9.5 Bending (Oy) 
Mode 3 18.6 Torsion 

 

 
         Mode 1 – Bending (Ox)                     Mode 2 – Bending (Oy)                  Mode 3 – Torsion (Oz) 

Figure 6. Three first eigen modes (Model CAST3M) 
 
By analysing the displacements and frequency contents of the different records, the evolution of 

frequency for the three first modes has been estimated and is presented in Figure 7.  
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Frequency evolution
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Figure 7. Frequency evolution (based on displacements frequency content) 

 
Between the initial and the last run, the frequency dropped by 43%, 29% and 26% respectively for the 

first three modes.  
 

• Damage evolution  
The structure has been subjected to 13 seismic bi-directional horizontal excitations and 9 unidirectional 

or bi-directional horizontal white noises. At the end of the campaign, cracks can be observed, especially in 
the height of the first level, but the structure suffers only of slight damages. Figure 8 presents the cracks 
pattern after the last seismic test.  

 

 
                        Wall #3         Wall #1       Wall #2            Wall #4 

Figure 8. Damage at the end of Run 21 (last seismic test) 

Note: the first cracks recorded in the walls have been observed at Run 8 (above the design level).  
 

• Global behaviour 
 

o Torsion 
According to the geometry of the structure, it can be estimated that the centre of mass and the shear 

centre are distant by 0.93 m along X and 1.33 m along Y (see Figure 9). The torsional effect is therefore one 
of the main issues and should be predominant in the structural behaviour.   
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Figure 9. Centre of mass and shear centre at each floor 

As expected, this 3-D global behaviour has been properly identified at each run, and can be visualized 
by looking for example, at the relative displacements of each corner of the floor at roof level, for Run 15 
(Figure 10). A rotational movement around a point close to point A can be observed.  
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Figure 10. Relative displacements at the third floor – Run 15 

o Relative Displacement and story drift 
The absolute maximum relative displacements, at the third floor level, are presented on Figure 11, for 

each run. It can be observed that the maximum displacements obtained at the roof level are less than 24 mm, 
for a structure height of 3.65 m. This corresponds to about H/150.  

The maximal drift at Run 21 is 7.82 mm in the X direction and 6.30 mm in the Y direction. For a story 
height of 1.20 m, this is equivalent to h/150, which is completely in agreement with the European codes. Is 
important to remind that the Run 21 corresponds to a seismic level much higher than the one for which the 
structure has been designed for (over-design level). The maximal drift obtained at design level was evaluated 
to ~ h/500 (less than 2.5 mm). 
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Displacements at 3rd floor
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Figure 11. Maximum relative displacements at the 3rd floor level 

 
o Maximum absolute Acceleration  

The maximum absolute accelerations are plotted in Figure 12, for each seismic run, at table level and 
roof level, for both horizontal directions.  
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Figure 12. Maximum absolute accelerations at the 3rd floor level and at the table level 

The maximum absolute accelerations reached up to 2.67 g at roof level. Comparing to the maximum 
absolute acceleration at the table level, the acceleration at roof level is between 2.35 up to 6.42 times higher.  

 
 
• Damping evolution 
Two different methods have been used to define the damping ratio of some runs:  

- when the structure behaved in ‘free vibration’(run 5 and 7), the so-called logarithmic 
decrement was used,  

- when the structure was subjected to a white noise, the half power bandwidth method was 
used.  

Based on those two methods, the following damping ratios have been evaluated and are presented in 
Table 4.  



 8   

Table 4. Damping ratio 

 
 
 
 
 
 
 
 
 

In general, it is assumed that for reinforced concrete, the damping ratio is:  
 - for uncracked sections      0.7% to 1.0%, 
 - for fully cracked structures      1.0% to 4.0%, 
 - for fully cracked structures, but no yielding of reinforcement 0.5% to 0.8%. 

If we are clearly in the case of uncracked sections for the early runs, at the end of the experimental 
campaign, we are not yet in the case of fully cracked sections and have therefore a higher damping ratio than 
the one generally prescribed by the Eurocodes.  
 

6 CONCLUSION 

Reinforced concrete buildings exhibiting tri-dimensional effects and non-linear response are a main concern 
in the field of earthquake research and regulation. The project SMART 2008 focussed on the structural 
behaviour of a reinforced structure exhibiting 3D effects, and subjected to bi-directional horizontal seismic 
loads and white noises.  
 

As expected, the structure exhibited a clear tri-dimensional behaviour. It is however important to note 
that no apparent damages were observed at design level. After 13 seismic tests, few cracks could be observed 
in the different walls, mainly in the height of the first level. The eigen frequencies of the specimen however 
dropped by a factor up to 43%, without a significant threat for the structure.  

 

A new experimental test should be launched in 2010, on the same specimen with different kind of 
seismic inputs. This should allow us to complete the information obtained from this experimental campaign.  

 

 

 Damping associated to: 
 1st mode (%) 2nd mode (%) 
Run 5 0.9 - 
Run 7 1.7 - 
Before Run 15 4.8 6.3 
Before Run 18 4.7 6.6 
Before Run 21 5.3 6.3 
After Run 21 4.1 6.5 


