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Abstract

Several sources of uncertainty affect seismic loss analysis results, and investigating their influ-
ence is crucial to obtain reliable quantitative estimates of the building performance under seis-
mic excitations. The present study propagates uncertainties from seismic hazard to annualized
seismic losses of a code-designed unreinforced masonry infilled reinforced concrete moment
resisting frame building. Uncertainties were considered in the ground motion record-to-record
variability and in model class uncertainty of masonry infill walls that originates from two equiv-
alent strut macro-model classes used and uncertainties in their backbone model parameters. A
large set of finite element models (FEMs) was generated for each infill strut model class by
Latin hypercube sampling (LHS) of the statistical distribution of experimentally fitted backbone
parameters. Each finite element model was subjected to multiple-stripe based nonlinear re-
sponse history analyses to estimate the structural response parameters of interest. The propa-
gation of uncertainties from structural response to repair costs was evaluated considering
mean values and dispersion in repair cost at the selected seismic hazard levels for two building
performance models. Moreover, the contribution of different structural and non-structural ele-
ments of the studied building to the expected annualized losses was evaluated.
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1 INTRODUCTION

Reinforced concrete (RC) moment-resisting frames with unreinforced masonry (URM) in-
fills represent a predominant typology of buildings worldwide. Understanding the performance
of such building typology to seismic actions is crucial to assess the impact of their potential
damage on the economic and societal losses [1-6]. To this end, performance-based earthquake
engineering (PBEE) methods and tools can be used to evaluate the seismic risk of existing or
newly designed structures through targeted seismic loss analysis. Seismic loss analysis is a very
complex process, whereby a robust assessment of the seismic performance is needed and re-
quires propagation of relevant sources of uncertainty [7]. In particular, uncertainties in numer-
ical modeling of structural and non-structural elements and damage mechanisms considerably
affect the seismic response, such as those related to the modeling of infill panels. Even though,
several research efforts addressed the effect of modeling parameter uncertainty of URM infill
walls on the seismic structural response of RC buildings [8—10], only a limited number of stud-
ies focused on the impact of model class uncertainty on estimated losses. Model class uncer-
tainty [11, 12] incorporates the uncertainty in modeling parameters and the uncertainty in the
selection of appropriate models to describe a general physical phenomenon.

This paper deals with the impact of incorporating model class uncertainty related to URM
infills on seismic loss assessment results. Model class uncertainty is described via two equiva-
lent infill strut models and considering the uncertainty in their backbone parameters by gener-
ating 200 realizations of the infill strut backbone for each infill model. Nonlinear response
history analyses (NRHAs) were carried out using the multiple-stripe analysis (MSA) approach
[13], with a different set of 30 ground motion (GM) records selected for each seismic intensity
level. The FEMA P-58 methodology [14], which finds several applications in the literature for
building-specific seismic loss analyses [15, 16], was adopted to evaluate the monetary perfor-
mance of the considered building. This was achieved through the building performance models
developed incorporating the NRHAs results of the two selected infill model classes and con-
sidering necessary information on elements damage and loss characteristics. In particular, the
recently validated SP3 web-tool [17] has been used for the seismic loss analysis. Results high-
light the impact of model class uncertainty for URM walls by comparing mean repair costs and
mean annualized costs obtained for the two selected model classes.

2 DESCRIPTION OF BUILDING

An existing code-conforming RC URM building is selected to evaluate the effect of infill-
strut model class uncertainty on seismic loss assessment. The building is an irregular six-story
structure infilled with URM walls, with three bays in the Y-direction (transverse) and five bays
in the X-direction (longitudinal), as shown in Figure 1(a). The lateral force resisting system
consists of RC special moment-resisting frames in both longitudinal and transverse directions.
The concrete used has expected compressive strength of f., =30 MPa, and the reinforcing steel
with expected yield strength of f;, = 496 MPa. Figure 1(b) shows the elevation view of the
internal frames for grid lines B to E, where infill walls are used as partitions in second and third
stories. Solid clay bricks are used for infill wall panels. Detailed information regarding the
building description is reported in [18].
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Figure 1: Code-designed infilled RC URM building: (a) second-story plan view of structural RC frames, (b) ele-
vation view along Y-direction (transverse direction) of internal frames, (dimensions in cm).

3 NUMERICAL MODELING AND STRUCTURAL ANALYSIS

3.1 RC frame and infill strut modeling

A two-dimensional model of the building internal RC frame in the transverse direction is
developed in OpenSees [19]. The graphical representation of the numerical modeling scheme
is presented in Figure 2. Beams and columns of the RC frame are modeled as fiber-section
force-based finite length plastic hinge elements [1, 2, 5, 6]. The uniaxial stress-strain response
of the concrete fibers is modeled using the model by Yassin [20], while the reinforcing steel
bars are modeled with an elastoplastic with linear hardening model. Geometric nonlinearity
(P — A) are explicitly considered. A strength-based nonlinear zero-length shear spring is con-
sidered near the column end offsets to capture potential column shear failures due to infill-
frame interaction. The details of the shear-spring model implemented are described elsewhere
[21].

Infill panels are modeled through equivalent strut macro-models. Among the numerous infill
strut macro models available in the literature to model infill panels [22-25], the infill strut mod-
els proposed by (1) Sattar and Liel [26], and (2) Burton and Deierlein [27] are adopted and
hereafter referred to as SL10 and BD14, respectively. The SL10 is composed of a single diag-
onal concentric strut. In contrast, the BD14 model consists of a diagonal concentric strut and
an off-diagonal strut, the latter connected at the end of the column end offsets. Figure 2(c)
shows the two-infill strut model backbone curves, based on expected infill model parameters.
The differences in the infill strut backbones arise from the different failure mechanisms consid-
ered by each infill strut model and the relative strength of the infill and surrounding RC frame.

To account for uncertainty in infill model constitutive parameters, 200 finite element model
(FEM) realizations of the infill strut backbones are generated for each infill model, considering
five models to experiment bias ratio parameters for the infill strut backbones as basic random
variables, including: (1) bias in peak strength, Voo, moder/Veap,exp» (2) bias in initial stiffness,
Kemodel/Keexp » (3) ratio of experiment measured peak strength to yield strength,
Veap,exp/ Vy exp» (4) ratio of experiment measured capping drift to yield drift, Acgp exp /Dy exps
and (5) ratio of experiment measured residual strength to peak strength, V. ¢, /Veap exp- Statis-

tics on model bias are determined based on the approach and results presented in Burton and
Deierlein [27] and FEMA 307 [28].
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Figure 2: Infilled RC frame modeling: (a) SL10; (b) BD14; (c) infill strut backbone parameters.

3.2 Structural analysis results

The uncertainty in ground shaking is considered by simulating nonlinear response history
analyses (NRHAs) with 30 natural GM records at eight seismic intensity levels, corresponding
to exceedance probabilities of 50%, 30%, 10%, 5%, 2%, and 1% in 50 years, 1% in 100 years,
and 1% in 200 years, respectively. Within the MSA approach [13], for each seismic hazard
level (HL), a different GM records suite is selected for a soil site class D in Salem, Oregon,
USA. Two-dimensional structural analyses are performed on the 200 FEM realizations of the
two considered model classes representing an internal building RC frame. The suite of analyses
is carried out by using high-performance parallel computing [29].

The summary of the results of NRHAs is presented in Figure 3, in which median profiles for
peak interstory drift ratio (PIDR) are reported. It can be seen from Figure 3 that there is a notable
reduction of the drift demands at the second and third stories, which are the stories in which the
infill panels are located. The comparison between the results for the two model classes indicates
a lower PIDR demand in lower stories when the BD14 infill strut model is adopted.
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Figure 3: Median PIDR profiles for the two selected model classes, SL10 and BD14, at 30%, 10%, 2% in 50
years HLs and 1% in 200 years hazard levels.

4 LOSS ANALYSIS RESULTS

The building seismic loss analysis is evaluated via the FEMA P-58 loss methodology on a
three-dimensional performance model of the building, where the information related to the ge-
ometrical building characteristics, the structural response results, as well as the damage and loss
description of the elements, is required. In particular, the demand distribution generated from
the NRHASs is used as input data for the damage analysis of damageable structural and non-
structural elements at each selected HL. In this paper, the seismic loss analysis is carried out
for two building performance models, each one corresponding to one of the two selected infill
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strut model classes. The correspondence is expressed using the specific PIDR demand resulting
from the NRHAs of the 200 FEM realizations of that infill strut model class. In other words,
the two performance models have a different PIDR distribution, reported in the previous section
in Figure 3. In order to appreciate the influence of infill modeling uncertainty, the fragility and
loss functions of the structural and nonstructural elements are the same for the two performance
models. Figure 4 reports the mean repair cost values at the selected seismic intensities for the
two performance models, normalized by the total replacement cost of the building. The element
category deaggregation of mean repair cost is also reported. The seismic risk due to collapse is
much less relevant than those from element damage analysis, which is partly explained by the
fact that a modern code-designed building is considered in this study. The figure shows that the
most substantial contribution to the risk is from the masonry infill walls, whereas repair costs
from MEP (mechanical, electric, and plumbing) elements are less relevant at higher HLs. In
addition, repair costs due to collapse for the BD14 model class become progressively more
important with increasing HLs and even though a similar trend is observed for the SL10 model
class, the contribution of collapse to the risk is less for the latter model class.
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Figure 4: Effect of model class uncertainty on the mean total repair cost, deaggregated by the different structural
and nonstructural elements contribution, for the two implemented performance models, SL10 and BD14.

To illustrate the propagation of the uncertainty from the structural response to losses, the
dispersions of the maximum PIDR over all the building stories (MIDR), S;pr, and repair cost
dispersions, S, are compared at the selected HLs. Figure 5 reveals an amplification of repair
cost dispersions compared to MIDR dispersions, and results in Figure 5(b) indicate that disper-
sions of seismic loss in terms of repair costs decrease as seismic intensity increases, probably
because higher values of the EDP imply that elements damage condition tend to concentrate at
the higher damage states, hence the same for subsequent elements loss. This observation is
consistent with the results presented in Kohrangi et al. [30].

Within a more comprehensive seismic loss analysis, the expected annualized losses (EAL)
are computed as a percentage of the total replacement cost. The estimated EAL values are very
similar, 0.0728 % and 0.0738% for the SL10 model class and BD14 model class, respectively,
revealing a negligible influence of infill strut model class uncertainty on annualized losses for
the present case-study modern RC building. Moreover, these values are relatively low when
compared with studies on older RC frame buildings [15, 31, 32].
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Figure 5: Logarithmic standard deviation for the two implemented performance models, SL10 and BD14: (a)
maximum peak inter-story drift ratio, Sy;;pr; (b) repair cost, Sz

The EAL percentage deaggregation in terms of replacement losses and damageable element
category losses reported in the bar chart in Figure 6 confirms the predominant contribution from
masonry infill walls, whereas MEP elements contributed to approximately 15% of EAL. The
structural damage contribution to the risk is negligible, highlighting the importance of using
modern building codes to reduce seismic risk.
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Figure 6: Contributions of collapse and damageable element losses to expected annualized loss for the two im-
plemented performance models, SL10 and BD14.

5 CONCLUSIONS

This paper aims to assess the effect of model class uncertainty related to URM infills mod-
eling on seismic risk of a modern RC building by using two different equivalent strut models,
namely SL10 and DB14, and the uncertainty in the infill strut backbone parameters. NRHAs
were performed at eight hazard levels for 200 FEM realizations of each of the two selected infill
strut backbones, obtained through Latin hypercube sampling of the backbone parameters. The
key findings of the study are as follows:

e Comparison between uncertainties in NRHAs results and loss analysis results shows a
strong amplification of repair cost dispersions compared to maximum PIDR (MIDR) dis-
persion at low and medium HLs, which reduce at higher HLs, for both the infill-strut model
class used.
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e The results of the loss analysis reveal the influence of model class selection for URM walls
on mean repair costs; in fact, the SL10 model class experiences larger losses at low and
medium HLs, whereas repair costs for the BD14 model class become progressively pre-
dominant at increasing HLs due to the higher contribution of collapse losses.

e The EAL values for the two implemented performance models are very similar. Moreover,
the EAL deaggregation indicates the predominant contribution from the masonry infill
walls and other nonstructural elements, while the contribution from RC frames and col-
lapse is negligible.

Summarizing, model class uncertainty for URM infills has significant effects on repair costs
and mostly on repair costs dispersions, whereas the impact on annualized costs is less relevant.
Such consideration is valid for the present case-study modern RC building, and further work
should be performed to validate the results.
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