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ABSTRACT

Fragility curves express the failure probability of a structure, or of a critical component, as a function of a
seismic intensity measure, for a given failure criterion. The failure criterion is often based on the
difference between a structural response parameter level and a threshold, which can be either
deterministic or probabilistic. Within a probabilistic context, structural response parameters are random
variables and therefore subjected to a certain variability mostly depending on the structural typology and
the assessment method. When engineers have to make a decision to choose appropriate engineering
demand parameters to be considered, they need to know how sensitive it will be. The study reported in
this paper attempts to bring answers to this question. More precisely, the sensitivity of some engineering
demand parameters is quantified and discussed as a function of the structural typology (beam-column or
wall-based structures) and of the considered assessment method. The final output is a correlation matrix
linking (i) the coefficient of variation of specific engineering demand parameters, (ii) the structural
typology and (ii1) the adopted modeling technique.

INTRODUCTION AND ANALYSIS PROCESS

The seismic Probabilistic Risk Assessment (PRA) methodology has become highly used in the nuclear
industry for the estimation of the seismic risk of Nuclear Power Plants (NPPs), EPRI (2013). In the PRA
approach, fragility curves are computed as conditional probabilities of failure of structures, or critical
components, for given values of a seismic Intensity Measure (IM). The nature of the IM, the type (force,
displacement, ¢tc.) of quantity y and the value of y, are chosen by the user. Hence, the fragility curve
estimation requires (i) a probabilistic model which consists in choosing a set of random variables with
associated Probability Density Functions (PDF), (i1)) an uncertainty propagation method and (iii) a
mechanical model to describe the structural outputs, Zentner et al. (2017). How to choose the random
model and which uncertainty propagation technique to consider are crucial questions which have been
addressed for the past decades in the scientific community. For instance, several interesting inputs by the
scientific community tend to improve the efficiency of the propagation methods in order to decrease its
computational demand when evaluating the mechanical model. Dedicated approach mostly based on log-
normal assumptions of the fragility curves, Shinozouka et al. (2000), Lallemant et al. (2015), have been
developed and successfully applied on complex structural case studies, see Lallemant et al. (2015),
Kennedy at al. (1980), Noh et al. (2015). The last feature required when dealing with fragility curves
computation is a mechanical model. Making assumptions is necessary when developing such a structural
model. Sometimes, the geometry is simplified or the values of some unknown material parameters are
assumed, Fox et al. (2015), Xu and Gardoni (2016). This study aims to assess the influence of the
assumptions made on the structural model on the variability of selected EDPs. In such a way, engineers in
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charge of developing structural models will be able to take benefits from the expected variability of the
output quantities to select the appropriate EDP.

The work carried out by Kwon and Elnashai (2006) studied the weight of uncertainties related to the
ground motion and to the material parameters. The authors concluded on the importance of the
uncertainties related to the ground motion but did not consider the influence of the structural typology or
of the assessment method. The work presented in this paper is in continuity with the work by Kwon and
Elnashai (2006), Lopez-caballero and Modaressi-Farahmand-Razavi (2010). Considering the ground
motion as deterministic, the uncertainties related to the model parameters can be propagated and their
resulting influence on the EDPs can be quantified, as a function of the structural typology and the
modeling technique.

The probabilistic analysis conducted to study the sensitivity of the selected EDPs is described. It is
composed of three steps. The first one consists in defining the random model. The variables to be
considered as random are selected and the associated PDFs are chosen. The second step lies in
propagating the uncertainties through the deterministic mechanical model, which is assumed to be
consistent (at least in mean) with the physics involved in the problem. Based on the results of the second
step, the last step consists in computing the selected EDPs.

Five random variables are selected. Their physical meaning and the associated PDFs are described in
table 1. We can notice that log-normal PDFs were chosen, which is quite common when the support of
the random variables must stay positive due to physical considerations. In the present study, no
correlation is assumed between variables. In accordance with the objectives of the present study, the
ground motion is assumed to be deterministic. That is to say a unique set of accelerograms has been
considered for each case-study (BANDIT and SMART 2013) to describe the seismic loading.

Table 1: Statistical parameters and PDFs of the random variables. CD = case-dependent, COV =
coefficient of variation.

Variable Meaning Distribution | Unit | Mean | COV (%)
E Young’s modulus| Log-normal | Pa CD 15
Gy Fracture energy | Log-normal | J.m~=3 | CD 30
ft Tensile strength | Log-normal |  Pa CD 30
O Yield stress | Log-normal | Pa CD 5
& Damping ratio | Log-normal — CD 20

With the aim to study the effects of both the structural typology, and the modeling technique, five
different mechanical models have been defined. More precisely, two structural typologies were selected: a
Reinforced Concrete (RC) beam-column structure and a RC shear-wall-based structure. In case of the
beam-column structure, three modeling strategies were considered. The main difference between them is
the type of Finite Element (FE) used: Timoshenko’s multifiber beam elements on the one hand and
mutilayer shell elements and solid elements on the other hand. In case of the RC shear-wall-based
structure, only two modeling strategies were considered. Regarding the uncertainties propagation
technique, a current Monte Carlo Simulation Method (MCSM) has been used.

Six EDPs were selected. The selection criterion was based on the fact that they are commonly used in the
engineering practice, Porter (2003), Fox et al. (2015). They are described in table 2. The Maximum
Interstory Drift Ratio (MIDR) is very classical and many performance criteria are expressed by means of
the index. The FEigenFrequency Drop Off (EFDO) is less used than the MIDR. However, because
cigenfrequencies are linked with the stiffness of a structure, the drop off can be interpreted as a structural
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damage index. Safety margin estimation and damage thresholds based upon the use of this index have
been recently proposed, Richard et al. (2016a), Richard et al. (2016b). The DUCTility (DUCT) index is
defined as the ratio between the overall maximum displacement and the maximum displacement in the
clastic domain. This quantity is often used in the context of structural assessment to verify that the
structure is able to withstand to a given action (classically not taken in to account at design stage). Less
classical than the other indices, the Hysteretic EneRgy over total input energy (DER) is useful to estimate
the ratio of the energy which is dissipated by the constitutive materials themselves. It is defined as the
ratio between the hysteretic energy over the total input energy. The Zero Period Acceleration (ZPA) is
defined as the pseudo-acceleration estimated either when the period is null or when the frequency tends to
infinity. For some methodologies mainly devoted to equipment assessment, the ZPA allows for the load
determination. The last selected EDP is the AMPlification Ratio (AMPR). It is defined as the ratio
between the maximum pseudo-acceleration over the ZPA.

Table 2: Definition of the selected EDPs.

EDP acronym|Unit Definition/physical meaning
MIDR % Maximum interstorey drift ratio
EFDO % Eigenfrequency drop off
DUCT |[(—) Ductility

DER (=) Hysteretic energy over total input energy|
ZPA m.s Zero period acceleration
AMPR |(—) Amplification ratio

STRUCTURAL CASE-STUDIES: EXPERIMENTAL SETUP AND MODELING STRATEGIES

BANDIT experiment as a beam column structure. The tested structure, Garcia et al. (2014), was a one-
bay two-story frame building regular in plan and elevation, similar to a building tested as part of the
Ecoleader research project, lle et al. (2008). The design spectrum has been defined in accordance with
Eurocode 8. It corresponds to 5% damping, a C-type soil, a type-II reference spectrum and a reference
acceleration of 0.1 g, Figure 1 a). Figure 1 b) shows details of the general geometry of the BANDIT
specimen. Concrete and steel reinforcing bars used to build the BANDIT specimen were characterized by
means of classical mechanical tests. A summary of the results is presented in tables 3 and 4 for concrete
and steel respectively. The geometry of the BANDIT specimen has allowed to consider three different
mechanical models, all of them based upon the use of the FEM. Three FE strategies were used to assess
the dynamic response of the specimen. Each of them relies on a given FE mesh. The FE meshes are
shown in Figure 1. In Figure 1 c), one can observe that multifibers Timoshenko’s beam FE have been
used, Mazars et al. (2006). In Figure 1 ¢), classical two-dimensional and three-dimensional FE meshes
can be recognized. In the following, the aforementioned mechanical models are referred to as 1D, 2D and
3D respectively. To avoid any misunderstanding, the latter labels have been defined with respect to the
dimensional nature of the constitutive laws used in each case (1D in case of the multifiber approach, 2D
in case of both plane stress and multilayer shell models and 3D in case of a full three-dimensional
approach). For all the approaches, the steel reinforcing bars were meshed by fibers (in case of the 1D
model) or by truss FEs (in case of the 2D and 3D models). The material parameters were identified from
the results of the mechanical tests conducted, see Garcia et al. (2014), to characterize the elastic modulus,
the thresholds and the hardening parameters of concrete and steel. In order to represent the contribution of
the dissipated energy not taken into account by the constitutive laws and to avoid numerical issues mainly
related to strain localization, a viscous damping model has been included in the numerical model. The
Rayleigh viscous damping model has been considered, leading to a viscous damping matrix proportional
to both the initial stiffness (without updating) and the mass matrix. The parameters of Rayleigh’s
damping model have been computed at cach deterministic analysis from the two first initial
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eigenfrequencies of the RC specimen. A mean damping ratio equal to 2% was chosen. The nonlinear
dynamic problem has been solved with the finite element software CAST3M ( using a Newmark’s
integration scheme the numerical parameters of which have been set to ensure unconditional stability, i.¢.
with constant average acceleration). In addition, the time step is equal to 9.76 10 ~* s and the convergence
criterion based on the quadratic modulus of the residue vector is equal to 10,
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Figure 1: Design spectrum, picture, and geometry of the BANDIT specimen - dimensions in meters.

SMART 2013 experiment as a wall structure. The RC specimen, Richard et al. (2016b), is a scaled half
model of a simplified part of a nuclear ¢lectrical building. It has been prepared to reproduce the
geometrical, physical and dynamical characteristics the real building. The RC specimen was designed
according to the current French design rules to be considered when dealing with a nuclear building, Gupta
and Lacoste (2006). The design spectrum considered is shown in Figure 2 a). The design spectrum is a
simplified envelop (linear segments) of a seismic scenario corresponding to a magnitude of 5.5 recorded
at 10 km of the fault plane. The Peak Ground Acceleration (PGA) is 0.2 g. Synthetic accelerograms were
generated from the design spectrum and the corresponding acceleration response spectra are compared to
the design spectra. The total mass of the RC specimen is then equal to 45.69 tons. Slabs are kept elastic as
only minor cracking phenomena where observed during the experimental tests. The material constitutive
model parameterswere characterized by means of classical mechanical tests. A summary of the results is
presented in Richard et al. (2016b). 2D and 3D modeling strategies were used: the FE meshes are
presented in Figure 2 ¢). In Figure 2, it can be observed that two-dimensional multilayer shell FEs have
been used for all the structural elements of the SMART 2013 specimen excepted for the foundation. This
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latter element has been meshed with three-dimensional FEs. The column is described by Timoshenko’s
beam clements. Indeed, because this structural clement docs not have critical structural function, a rough
description of its behavior has been judged as sufficient. In Figure 2 ¢), the full three-dimensional mesh
used in the 3D modeling strategy is also shown. The constitutive laws used to represent the mechanical
behavior of concrete and steel are the same as ones used in case of the BANDIT specimen, see Vassaux et
al. (2015), Menegotto and Pinto (1977), for concrete and steel respectively). It can be noticed that the
slabs are considered elastic for the same reasons as the ones exposed in case of the BANDIT case-study.
The material parameters of each constitutive laws were identified according to the results of the
mechanical tests performed on concrete and steel specimens, see Richard et al. (2016b). Similarly to the
casc of BANDIT specimen, additional dissipation has been included in the model by considering the
Rayleigh damping model. The viscous damping ratio considered in case of SMART 2013 is equal to
2.8%.
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Figure 2: Design spectrum and picture of the SMART 2013 specimen, geometry and finite element mesh
- dimensions in meters.

RESULTS AND DISCUSSION

Sensitivity of DER; The time evolution of the DER are shown in Figure 3 a) —) and d) —e) for the
BANDIT and the SMART 2013 specimens respectively. Regarding the case of the BANDIT specimen,
the general trend observed for the 2D and 3D modeling strategies is consistent. In addition, it can be
noticed that the results obtained by the 3D assessment approach are highly sensitive to the material
parameters’ uncertainties, especially on the time period ranging from 0 to 5 s. Regarding the case of the
SMART 2013 specimen, the mean time evolution and the confidence interval of the DER computing from
the 2D approach is in accordance with the one resulting from the 3D strategy. However, it is interesting to
notice that the DER is more sensitive to the parameter uncertainties in case of the SMART 2013 structure
than in case of the BANDIT structure. The characteristics of the material parameter uncertainties being
the same for both structures, it seems clear that the structural typology affects the uncertainty propagation.
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Figure 3: Time evolution of the DER - 90% confidence interval is depicted in green.

Sensitivity of MIDR Among the EDPs selected in this work, the MIDR is one of the most used EDP in
the engineering community. The time evolution of the MIDR are shown in Figure 4 a) —¢) and d) —e) for
the BANDIT and SMART 2013 specimens respectively. Regarding the case of the BANDIT specimen,
the width of the confidence interval is almost the same for all the modeling strategies used. In addition,
one can notice that the results obtained with the 2D strategy and shown in Figure 4 b) exhibit a higher
frequency content than the other ones. This may be explained by the fact that the 2D assessment
approach, by nature, does not take into account out-of-plane effects. These effects might have appeared
during the shaking table experiment. Not taking them into account may lead to a stiffer structural
response. Regarding the case of SMART 2013 specimen, the width of the confidence interval is higher
than in case of the BANDIT specimen. This trend is similar to the one observed in Figure 3.
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Figure 4: Time evolution of the MIDR - 90% confidence interval is depicted in green..
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Sensitivity of ZPA; The ZPA is used in many conventional assessment methodologies. One of the inputs
of the method is the equivalent pseudo-static force, which is computed as the product between a mass
term and the ZPA. The time evolutions of the ZPA are shown in Figure 5 a) —¢) and d) —e) for the
BANDIT and SMART 2013 specimens respectively. Regarding the BANDIT specimen, Figures 5 a), b),
and ¢) show similar trends: the mean responses are consistent as well as the width of the confidence
intervals. On the contrary, the results related to the SMART 2013 specimen show a higher sensitivity to
the material parameter uncertainties, especially in case of the 3D modeling approach.
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Figure 5: Time evolution of the ZPA - 90% confidence interval is depicted in green - SMART 2013,

The statistical convergence is assessed by computing the gap between two variance estimations as a
function of the sample number. This computation has been carried out considering each structural
typology, modeling strategy and the selected EDP. Given a structural typology and assessment technique,
the following quantity has been computed for all the selected EDPs.

_ Var(yp)n1-Var(y)a
MO0 = g (vartry) &
. 2
Y (v -uor

where A;(n) stands for the convergence index for n realizations of the it EDP, p(y;) is the statistical
mean. In case of the BANDIT specimen, the results are shown in Figure 6. For all the EDPs, the
convergence is reached after 50 samples. It is interesting to emphasize on the fact that for all the EDPs,
excepted the AMPR, the 3D modeling strategy exhibits the fastest convergence rate. The 1D strategy is
the one which exhibits the lowest convergence rate. Similarly to the case of BANDIT specimen, the
convergence is reached after 50 samples. However, the trend between the 2D and 3D modeling
approaches is not the same. Indeed, the 3D assessment approach leads to the lowest convergence rate for
almost all the EDPs, whereas the 2D modeling strategy exhibits a better convergence rate. For sake of
brevity only results for the BANDIT case are reported here below.
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Figure 6: Consecutive gaps between two variance estimations - BANDIT.

In order to quantify the sensitivity of all the selected EDPs, their associated COV were estimated. The
results are shown in Figures 7 a) and 7 b) for the BANDIT and the SMART 2013 specimens respectively.
For both cases, one of the most sensitive EDP is the ZPA even though it should be noted that the range of
variation of this index 1s not the same for both cases. On the other hand, for both cases, the least sensitive
index is the AMPR. According to the definition of the AMPR, this observation means that the effects of
the uncertainties on the ZPA are somehow balanced by the variations of the maximum spectral
acceleration. In addition, results clearly show that the EDPs computed in case of the SMART 2013
specimen are more sensitive, than the ones computed in case of the BANDIT specimen. This trend is
consistent with the ones identified in the analysis of specific EDPs, previously exposed. Regarding the
effect of the assessment methodology, a general trend is not easy to identify. In case of the BANDIT
specimen, the 1D modeling strategy leads to the most sensitive EDPs, whereas in case of the SMART
2013 specimen, it is the 3D approach. However, in both cases, the 2D modeling approach appears as
being less sensitive to the material parameter uncertainties than the other ones.
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Figure 7: Coefficients of variation associated to each selected EDP.
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CONCLUSIONS, RECOMMENDATIONS AND OUTLOOK

In this study, the effects of material parameter uncertainties on selected EDPs are analyzed and
quantified, as a function of the structural typology and the assessment methodology. To support this
analysis, two shaking table experiments have been selected, namely the BANDIT and SMART 2013
experimental campaigns. Even though many studies have allowed to establish a consensus on the fact that
uncertainties on the seismic input ground motions are usually higher than the ones on material parameters,
the consequences of considering them as random variables were never fully investigated. To this end, the
seismic input ground motion was assumed to be deterministic. In this way, conclusions on the effects of
material parameter uncertainties could be drawn. Despite the fact that only one structure for each
structural typology has been analyzed in this study, first trends could be identified. In accordance with the
results presented in this paper, the following conclusions have been reached:

e ashear-wall-based structure exhibit more sensitive responses than a beam-column one;

e 1D and 3D modeling approaches lead to structural response which are more sensitive than the 2D

modeling approach;
e the amplification ratio is the least sensitive EDP, whereas the ZPA is the most sensitive one.

The results of this study can be expressed in a pragmatic manner as short recommendations to the
structural engineering community. Figure 8 shows a sensitivity matrix for the two structural typologies
and for all the considered assessment methods. This matrix may help engineers in choosing the best EDP
to apprehend the sensitivity of the structural responses for the structure they need to study. More
precisely, let us assume that a fragility curve is represented by a median capacity A, and a standard
deviation B. If engincers use a given modeling strategy and EDP(s) that is(are) not sensitive to the
uncertainties related to the input parameters, the resulting uncertainties level should be decreased.
Therefore, the confidence interval associated to the fragility curve should be narrower and the median
capacity should be lower (if we considered that the slope of the fragility curve at P¢= 0.5 is mainly driven
by the standard deviation). The results reported in this paper allowed for identifying trends in order to
assess the sensitivity of specific EDPs with respect to the uncertainties related of the input material
parameters, for different modeling strategies and structural typologies. However, this study has
limitations regarding several aspects which would deserve to be further investigated. Among these
limitations, three key points can be mentioned: (i) the influence of the seismic signal itself on the
covariance matrix, (i1) the influence of the uncertainties related to each material parameter and (iii) the
influence of the seismic loading directions.
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Figure 8: Covariance matrix.
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