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ABSTRACT 

 

The international benchmark project SMART 2013 (“Seismic Design and Best-Estimate Methods 

Assessment for Reinforced Concrete Building Subjected to Torsion and Nonlinear Effect”) has been 

launched in 2011 and has been carried out by CEA and EDF at Centre de Saclay/EMSI using the 

AZALEE shaking table. The test mock-up of the SMART 2013 project was a reduced scale model (1/4
th
 

scale) of a typical nuclear auxiliary building with dimensions 3.65 m in height and 3.1 m x 2.55 m in 

plan. Several experimental runs were performed in a sequential series. The seismic excitation was applied 

in terms of absolute displacements of the AZALEE accelerators. The seismic excitation has been 

increased during the runs. Run 19 was the run with the highest excitation, representing the Northridge 

earthquake (1994) accelerations with PGA values up to 1.1 g (design value of mock-up: 0.2 g), which 

lead to high non-linear structural responses. 

 

In the last SMiRT conference, the authors have reported on computed and measured accelerations and 

displacements, and on a vulnerability study. In the meantime CEA provided the participants also with 

measured data of further accelerations and displacements as well as cracks between walls and foundation 

and strains at various bending reinforcing elements. Additional nonlinear dynamic analyses for the 

evaluation of concrete cracks and steel reinforcement strains were carried out by use of a SOFiSTiK 

model with layered shell elements. The results are compared to the measurement data. 
 

INTRODUCTION 

 

The test mock-up of the SMART 2013 project is shown in Figure 1. The dimensions of the reinforced 

concrete (RC) structure are 3.65 m in height and 3.1 m x 2.55 m in plan. The overall mass is 45.8 t 

including the additional loads on the floors, and 70.8 t including the AZALEE shaking table. 

 

The numerical analyses of the authors (ENSI team 2) have been performed by use of the commercial 

software SOFiSTiK (2010) with a Finite Element (FE) model comprising the mock-up and the AZALEE 

shaking table, see Figure 1. The floor slabs, the walls, and the column of the RC mock-up were modelled 

by nonlinear layered shell elements. Damping is introduced by means of Rayleigh damping parameters 

according to the French seismic guide ASN (2006). The nonlinear numerical methods of SOFiSTiK have 

been described in Zinn et al. (2014, 2015). The model part of the shaking table was adopted as submitted 

by CEA. The seismic excitation was applied in terms of absolute displacements of the shaking table 

accelerators. Figure 2 shows the sequence of the applied displacements exemplarily for one accelerator. 

Only the red highlighted runs had been supplied to the participants of the benchmark project as 

specification for the analyses. 
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Figure1. SMART 2013 project: test mock-up (left), and SOFiSTiK FE model including shaking table 

(right). 

 

 
 

Figure 2. Displacement excitations of one shaking table accelerator (red highlighted runs subject of 

SMART 2013 benchmark). 

 

NONLINEAR DYNAMIC BEHAVIOUR OF THE NUMERICAL MODEL AND COMPARISON 

WITH TEST RESULTS 

 

The nonlinear dynamic analysis comprises nonlinear step-by-step integration computations of the coupled 

system consisting of the mock-up linked to the shaking table model. All runs according to Figure 2 – 

mandatory as well as optional runs – were performed in a sequential series, i.e. considering the pre-

damage of the respective preceding run. The seismic excitation was applied in terms of absolute 
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displacements of the AZALEE accelerators with a time step of 0.003908 s. For Run 19 – excitation 

Northridge earthquake (1994) with the largest PGA values up to 1.1 g (design value of mock-up: 0.2 g) – 

the damping values fitting the CEA data have been used alternatively to the ASN values. From the 

numerous results, a selection of displacements and accelerations presented in the last SMIRT conference, 

see Zinn et al. (2015), showed a good agreement of measured and calculated values. In Table 1, the 

maximum computed absolute displacements are tabulated in comparison with the measured data. The 

displacements are corrected with respect to the initial displacements due to residual displacements of the 

respective preceding run. Figure 3 shows selected displacements. 

 

Table 1. Comparison of maximum absolute displacements in mm, values in ( ) are measured 

displacements (Run 19A = Run 19 with CEA damping values). 

 

Dir. Run 09 Run 11 Run 13 Run 17 Run 19, 19A Run 21 Run 23 

x 5.9 (4.0) 10.6 (9.0) 18.7 (21.5) 49.1 (39.3) 91.7, 85.8 (85.4) 5.1 (1.8) 6.9 (7.9) 

y 4.9 (2.8) 9.3 (4.8) 15.4 (16.7) 29.6 (24.3) 42.8, 39.9 (55.9) 3.1 (2.9) 10.1 (13.4) 
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Figure 3. Comparison of selected computed and measured absolute displacements at roof level. 
 
During the test sequence, further accelerations and displacements as well as crack openings between walls 

and foundation and strains at various bending reinforcing elements have been measured. This data have 

been provided by CEA after the benchmark, see Richard (2016). A total of 43 steel strain gauges were 

placed on rebars of foundation, walls and lintels of the first storey. The strain gauges used in the tests 

have a measurement range of ± 30’000 µm/m; for technical reasons a threshold value for the maximum 

strain measurement of 0.3 % was implemented why specimen strains over 0.3 % could not be compared. 
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The evaluation of strains from the nonlinear SOFiSTiK analysis has been performed for Run 09 with 

moderate input excitation and Run 19 with the highest excitation, see Figure 2. For each wall, a 

comparison of computed and measured strains for one exemplarily selected strain gauge is depicted in the 

following Figures 5 and 6, 8 and 9, as well as 11 and 12. The corresponding locations of the strain gauges 

in the specimen and in the FE model are shown in the Figures 4, 7, and 10. 

 

   
 

Figure 4. Location of steel strain gauges in walls V01 and V02. 

 

      
 

Figure 5. Run 09, comparison of measured and computed strains, wall V01, gauge J5L1V01. 
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Figure 6. Run 19, comparison of measured and computed strains, wall V01, gauge J5L1V01. 

 

 

  
 

Figure 7. Location of steel strain gauges in wall V03. 

 

   
 

Figure 8. Run 09, comparison of measured and computed strains, wall V03, gauge J4L1V03. 
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Figure 9. Run 19, comparison of measured and computed strains, wall V03, gauge J4L1V03. 

 

 

   
Figure 10. Location of steel strain gauges in wall V04. 
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Figure 11. Run 09, comparison of measured and computed strains, wall V04, gauge J6V04. 

 

   
 

Figure 12. Run 19, comparison of measured and computed strains, wall V04, gauge J6V04. 

 

The large difference between the two selected seismic excitations, which is characterised by the factor 5 

between the PGA values realised in the tests (Run 09: x/y = 0.22/0.23 g, Run 19: x/y = 1.1/1.0 g), leads to 

maximum displacements differing by a factor of more than 10 according to Table 1. For the maximum 

steel reinforcement strains of Run 09 and Run 19 the factors come even higher up to at least 20, see 

Figures 5, 6, 8, 9, 11, and 12. While the structural behaviour of the mock-up in Run 09 due to small 

strains and widely uncracked concrete sections is fully reversible, in Run 19 clearly nonlinear behaviour 

with moderate residual plastic strains has been observed. 

 

The presented comparisons of strain time histories mainly show a good correlation both in magnitude and 

temporal progress as well. Since this outcome applies to both stress levels, the used SOFiSTiK software 

has proven to be a reliable simulation tool for linear as well as nonlinear dynamic structural analyses. 

Moreover, the used damping values for nonlinear seismic analysis according to the regulation in ASN 

(2006) obviously are a good approach. 

 

However, there are also cases where such a good correlation between measured and computed strains as 

shown before in the diagrams could not be established. A possible explanation for the differences 

determined in some cases is the smeared crack approach used in the layered shell element type providing 

strains, which are averaged over the element length. On the other hand, the measurements by the strain 

gauges attached to the reinforcement bars indicate the local strains over the length of the strain gauge and 

thus in particular depend on the gauge position with respect to adjoining cracks. For those reasons, the 

comparison of measured and computed steel reinforcement strains undergoes a limitation. 
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The newly provided data furthermore includes time histories of crack openings measured by displacement 

transducers between foundation and walls for the monitoring of the uplift of the specimen, which are 

positioned according to Figure 13. Due to the monolithic connection of foundation and walls supposed in 

the FE model, and in consequence of the already mentioned smeared crack approach, the FE analysis does 

not provide the size of potential crack openings at this joint. Crack widths can be determined by 

SOFiSTiK during post-processing according to Eurocode 2 provisions. Based on the computed strain 

situation, they are defined by the mean crack spacing, which under service conditions depends on 

concrete cover, bar size, effective reinforcement ratio, bond properties of the bars and strain distribution. 

 

 
Figure 13. Location of crack opening gauges, green mark: OvV03a. 

 

 

Therefore, a qualitative comparison of the measured crack openings and the corresponding strains 

computed in a wall element attached to the foundation has been performed. For this purpose, the time 

histories of the measured crack openings and the computed strains are normalised to the respective 

maximum values. The result of this evaluation for Run 19 is shown in Figure 14 for the position of 

transducer OvV03a (green highlighted point in Figure 13). The comparison results in a good correlation 

with respect to maximum as well as residual crack widths. By this outcome the good computational 

simulation of the test results can be confirmed. 

 

The values of the crack openings during the extreme Run 19 reach up to 8 mm, what is clearly visible in 

the movie of the vibrating mock-up shown at the conference. Nevertheless, the high earthquake excitation 

exceeding the design load by the factor 5 does not cause a failure of the RC structure due to its apparently 

high ductility. This good performance was ensured by an earthquake resistant constructive layout of the 

reinforcement defined according to the French nuclear regulation as well as BAEL 91 and EN-1992 

(Eurocode 2). 
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Figure 14. Run 19, comparison of normalised measured crack openings and computed strains, transducer 

OvV03a. 

 

CONCLUSION 

 

The nonlinear dynamic seismic response analyses in the frame of the SMART 2013 project with the FE 

program SOFiSTiK showed a satisfactory agreement between computed and measured values up to 

extreme earthquake events with PGA level of 1.1g (design PGA value of mock-up: 0.2g). This had been 

demonstrated for displacements and accelerations in the paper Zinn et al. (2015), and has been extended 

now to reinforcing steel strain and crack opening data, which were provided after the SMART 2013 

benchmark to the participants. 

 

The presented comparisons of strain time histories mainly show a good correlation both in magnitude and 

temporal progress as well. However, there are also cases where such a good correlation between 

measured and computed strains as shown before in the diagrams could not be established due to the fact 

that the calculated strains are averaged over the element length (smeared crack approach) while the 

measured strains depend on the gauge position with respect to adjoining cracks. 

 

The test sequence of the mock-up, which was exposed to increasing excitations up to high intensity 

seismic loadings, revealed that a failure of the r/c structure exhibiting coupling flexural/torsional effects 

did not occur due to its apparently high ductility. This good performance was ensured by an earthquake 

resistant constructive layout of the reinforcement defined according to the French nuclear regulation as 

well as BAEL 91 and EN-1992 (Eurocode 2). Properly designed nuclear buildings can also have 

significant seismic safety margins compared to the design level.  
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