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Summary 
Task 6.2 aims at verifying and validating the selected mechanical models and failure criteria identified 
and developed in T.6.1-1 based on a methodological comparative analysis with experimental analyses 
and test data. Thanks to the achieved work, IRSN developed a set of criteria to be fulfilled in order to 
ensure a relevant verification and validation process, both for detailed and reduced-order models. The 
retained methodology is based on a multi-fidelity and bias/variance reduction approach. 

Accordingly, the present document shows the verification and validation flowcharts proposed by IRSN 
and covers the mathematical tools for practical industrial applications in the case of linear and 
nonlinear mechanical models. 

. 
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this numerical model to reproduce reality, but rather to characterize the quality of the solution, often 
approximate, constructed numerically. In other words, the verification is the demonstration of the 
acceptability of the errors made due to a numerical transposition of the mechanical models. 

It is worth mentioning that analytical mechanical models that have been transposed into the 
numerical software, object of the verification flowchart, have been anteriorly designed and subjected 
to a scientific consensus to corroborate an experimental evidence, in representative situations. 

The flowchart presented in Figure 2 summarizes the verification process from a literature review of 
recommendations from various institutions such as Institute of Electrical and Electronics Engineers 
(IEEE, 1984), American Nuclear Society (ANS, 1987), American Institute of Aeronautics and 
Astronautics (AIAA, 2002), American Society of Mechanical Engineers (ASME, 2007), International 
Atomic Energy Agency (IAEA, 1999), Autorité de Sûreté Nucléaire (ASN, 2017), and Sandia National 
Laboratories (Trucano et al., 2001). 

 

Figure 2: Verification flowchart 

 

In the present document, the Cast3m (CEA, 2011) numerical software is used, considered verified, 
and the focus is directed entirely towards the Validation part.  

1.4. Overview of the report 
First, the concepts of validation are presented along with their respective diagrams used herein. The 
importance of accounting for and assessing the experimental and numerical uncertainties are also 
explained. Then, several propositions to improve the process are detailed, notably the model(s) 
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Figure 3: Validation flowchart 

The flowchart can be divided into four parts that will be detailed below: 

- Part 1: Analysis of the experimental tests, measurements, mock-up, hypothesis. 

- Part 2: Numerical Analysis: Numerical modelling, parameter calibration, hypothesis, choice of 
the uncertainties to propagate.  

- Part 3: Calculation of the metrics, e.g., the mismatch between the experimental 
measurements and the numerical output.  

- Part 4: Extrapolation of the output of interest for a condition not achieved during the 
experimental tests.  

But prior to that, it is first important to introduce the concepts of accounting for and assessing 
uncertainties. 

2.2.  Sources of uncertainties 
This subsection objective aims at explaining why uncertainties are inherent to this validation process 
and details the main sources of uncertainties: numerical discretization, input parameters, and model 
formulation. Further subsection 2.2.1 will present into more details how they are concretely assessed, 
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1. The input parameters with the most influence on the EDP of interest must be identified. This 
can be done with some expert recommendations and/or based on sensitivity analyses 
methods such as Morris (Herman, 2013), FAST (Mara, 2009), or Sobol methods (Dimov et al., 
2010). To keep the computation cost as low as possible, it is advised to limit the number of 
parameters to the most influential and to calibrate the remaining ones (deterministic).  

2. The input uncertainties must be assigned each a representative and well-defined random 
distributions.  

3. Then, a random sampling method (Monte Carlo or quasi Monte Carlo methods) is applied to 
the epistemic and aleatoric uncertainties. The number of random realizations  depend on how 
sensitive the EDPs are, how fast the computations are, and how accurate the results are 
expected to be.  

4. Finally, for each set of samples (where aleatory realizations are considered given a fixed 
epistemic random value), the Cumulative Probability Distribution (CPD) of the EDP of interest 
is computed. One gets as many CPDs as the number of random epistemic values. Figure 4 
illustrates this step where five colored CPDs (plotted as Probability of Exceedance) are plotted 
altogether and UINP is obtained by taking the overall black envelop, called the probability-
box, or p-box. In the provided example, Latin Hypercube Sampling method was used to 
generate 5 random epistemic values and Crude Monte Carlo Method was used to generate 30 
random aleatory values. 

 
Figure 4: Scheme example of five CPDs combination shaping a probability-box 

The p-box can also be used to encompass experimental uncertainties in terms of measurement. 

2.4. Validation flowchart step by step 
Now that the importance and unfolding of the uncertainties calculation have been introduced, it is 
possible to present into more details the validation flowchart. It can be divided into three parts: the 
upper-left and upper-right parts (respectively Experimental analysis and Numerical analysis recalled in 
Figure 5), and the lower part (Accuracy estimation inside/outside the validation domain, Figure 6). 

2.4.1. Upper-Left part: Experimental analysis 
The upper-left part of the validation flowchart is highlighted by the yellow square of Figure 5. The 
successive steps could be summarized as following:  











https://en.wikipedia.org/wiki/Normal_distribution#Standard_normal_distribution
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The SMART2013 mock-up is subjected to bi-axial horizontal loads. Three sets of seismic were selected 
for these tests: 

1) Signal 1: Design signal (synthetic "SMART2008" signal), 

2) Signal 2: Main shock from the Northridge earthquake (recorded by the Tarzana Cedar 
Hill-1994), 

3) Signal 3: Aftershock of the Northridge earthquake (again, recorded by the Tarzana 
Cedar Hill-1994). 

The experimental sequence was carried out as follows: 

1) Signal 1: 2 consecutive tests respectively at 50 % and 100 % of the nominal signal 
level, 

2) Signal 2: 5 consecutive trials at 11 %, 22 % (repeated twice due to undesired vertical 
motion during the first trial), 44 % and 100% respectively of the nominal signal level, 

3) Signal 3: 2 consecutive seismic tests at 33 % and 100 % of nominal signal level 
respectively.  

Table 1 presents the successive signals applied on SMART2013 mockup as well as the target and 
actually achieved PGAs.  

 Target PGA Achieved PGA 

Run 07: 50% Design Signal 
X axis: 0.10g 

Y axis: 0.13g 

X axis: 0.10g 

Y axis: 0.14g 

Run 09: 100% Design Signal 
X axis: 0.20g 

Y axis: 0.20g 

X axis: 0.22g 

Y axis: 0.23g 

Run 11: 11% Northridge Main Shock 
X axis: 0.20g 

Y axis: 0.11g 

X axis: 0.21g 

Y axis: 0.16g 

Run 13: 22% Northridge Main Shock 
X axis: 0.40g 

Y axis: 0.21g 

X axis: 0.40g 

Y axis: 0.25g 

Run 15: 22% Northridge Main Shock 
X axis: 0.40g 

Y axis: 0.21g 

X axis: 0.40g 

Y axis: 0.24g 

Run 17: 44% Northridge Main Shock 
X axis: 0.80g 

Y axis: 0.42g 

X axis: 0.60g 

Y axis: 0.40g 

Run 19: 100% Northridge Main Shock 
X axis: 1.78g 

Y axis: 0.99g 

X axis: 1.10g 

Y axis: 1.00g 

Run 21: 33% Aftershock Northridge Signal 
X axis: 0.12g 

Y axis: 0.07g 

X axis: 0.14g 

Y axis: 0.14g 

Run 23: 100% Aftershock Northridge Signal 
X axis: 0.37g 

Y axis: 0.31g 

X axis: 0.70g 

Y axis: 0.40g 
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Figure 21: Crack at the bottom of wall 04 after Northridge 0.40g (DEN, 2014) 

 

Figure 22: Final state of SMART 2013 (DEN, 2014) 

From Run07 to Run23, there were 3 instances where the mock-up significantly showed 
signs of progressive damage, namely after Run13, Run17, and Run19, as displayed in 
Table 2.  

 
Table 2: Evolution of eigenfrequencies (DEN, 2014) 
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Figure 25: Comparison of original (in black) and truncated (in red) input of Run 15 

(damping ratio of 5 %) 

 

 
Figure 26: Comparison of original (in black) and truncated (in red) floor spectra of Run 15 

(damping ratio of 5 %) 
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Figure 27: Comparison of original (in black) and truncated (in red) input of Run 19 
(damping ratio of 5 %) 

 

Figure 28: Comparison of original (in black) and truncated (in red) floor spectra of Run 19 
(damping ratio of 5 %) 

 

Figure 29: Zoom on truncated Run15 
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4.4.1.  X drift: Experimental vs. Numerical comparison over the 
validation domain 
First, the numerical output 95 % interval (shaded area) and experimental measurements (in green 
dots) are displayed by the following Figure 39. Run 07 and 11 capture the experimental 
measurements. The numerical model and parameters distribution underestimate the experimental 
longitudinal drifts beyond 0.2 g where nonlinearities start to appear. 

 
Figure 39: Numerical and Experimental comparison of X drifts values at point D (linear 

elastic model) 

Following Figure 40 summarizes the numerical probability-box tendencies to underestimate (in blue), 
overestimate (in red), and to contain within its envelop (in black) the experimental measurements 
under the studies assumptions, i.e., epistemic and aleatory variables and distributions. In the linear 
elastic domain, from 0 to 0.2 g, the probability-boxes of Run 07 and 11 envelops with a 60 % 
probability the expectations. Then, it decreases down to 0 % because of constant underestimations 
because nonlinearities, that tend to increase displacements, are not accounted for. 
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Figure 40: Model best/under/over estimations of X drift at point D in the validation 

domain (linear elastic model) 

Now, to better quantify the model accuracy over the validation domain, Figure 41 below presents the 
median and 95 % prediction interval of interpolated relative errors (on the left hand-side figure), and 
the evolution of the integrated overlapping coefficient (on the right hand-side figure) from 0 g to 
1.11 g for the X drifts values at point D. 

 
Figure 41: Relative error and overlapping coefficient evolution for X drifts at point D 

(computations vs experiments, linear elastic model) 

Both figures allow to quickly spot the mains areas of discrepancies. As expected, the linear elastic 
model shows better validity capabilities in the elastic range up to 0.22 g (run07 to run11) than when 
damage clearly started to appear (run13 to run19). The more the intensity increases, the less the 
linear model is valid, accurate as the medians of relative errors and overlapping coefficient decrease 
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and/or behavior laws are candidate for a future simulation, the plots of these two coefficients over the 
validation domain can help the decision-makers to choose and select the most appropriate one.  

 
Figure 48: Relative Error and Overlapping coefficient over the validation domain of the 

relative evolution of response 1st peak frequency 

Figure 49 displays the 95 % prediction intervals of the metrics and approaches introduced so far. In 
this case, because the metrics dots have a bell-shaped trend (first increasing, then decreasing, in 
absolute), a second order polynomial regression is chosen before computing the prediction interval. By 
looking at Figure 49 and to the opinion of the authors, this choice seems relevant over the validation 
domain and up to 1.8g. This choice can be challenged at higher intensities as the slope and interval 
would increase then higher and higher. Thus, the decreasing trend of the metrics in the large 
intensities can be represented, which would not have been possible with a linear or affine regression.  














































