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Abstract

Regional seismic risk assessments commonly assume independent structural responses when
estimating damage across building portfolios, despite the fact that structures subjected to the
same earthquake often exhibit correlated responses arising from similar structural behaviour
and common deficiencies. Previous approaches have attempted to address this issue by
introducing correlation directly at the damage-state level, which typically requires multiple
correlation models and additional assumptions. This study investigates an alternative
framework in which structural response correlation is introduced at the level of engineering
demand parameters (EDPs). Demand—intensity models derived through cloud analysis are
used to simulate correlated EDP realisations, from which damage states and economic losses
are subsequently computed. The methodology is applied to a scenario-based assessment of a
portfolio of reinforced concrete frame buildings subjected to the 1999 Chi-Chi earthquake.
Results indicate that neglecting structural response correlation can significantly underestimate
the likelihood of widespread damage and economic loss, highlighting the importance of
explicitly accounting for response dependence in regional seismic risk assessments.
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1- INTRODUCTION

Regional seismic risk assessments aim to estimate the distribution of damage and losses across large building
portfolios subjected to earthquake scenarios. Within the regional performance-based earthquake engineering
(RPBEE) framework [1], an important challenge is the incorporation of structure-to-structure response
correlation, that considers the expected dependency on different buildings in a region due to shared design
practices, construction characteristics, regional ground-motion patterns, among others. In regional assessments,
these dependencies are generally neglected or considered in a very simplified manner, which can lead to
inaccurate estimates of widespread damage and associated consequences.

In practice, regional assessments typically group buildings with similar characteristics into so-called
taxonomies, allowing the use of a common fragility function (FF) to represent all the structures that were
grouped together. These fragility functions are derived by defining damage states (DS) through thresholds of
engineering demand parameters (EDPs), such as peak storey drift (PSD). Then, on scenario-based assessments,
Monte Carlo simulations are commonly used to sample DSs from FFs to estimate regional damage and loss
distributions. Previous studies have attempted to incorporate dependence by directly correlating damage states
or (e.g., [2], [3]). For instance, Mejia & O’Reilly [4] studied the impact of incorporating this variable into a
regional assessment, estimating the correlation to be used for different DSs from the results of non-linear time
history (NLTH) analyses. While this approach is straightforward conceptually, it introduces several
complications. Different DSs may exhibit different correlation structures, requiring separate models for each
damage level. Additionally, correlations may exist both within the same DS across buildings and between
different DSs, further increasing model complexity. This has resulted in a methodology that although
conceptually appealing and functional for single building taxonomy types, runs into practical issues when
extended to full regional-based assessments.

An alternative approach can be considered by introducing the correlation directly at the EDP level, as
have been studied by some authors (e.g., [5], [6]). Since DSs are defined from EDP thresholds, correlating
structural demands inherently captures cross-damage-state dependencies. This allows a single correlation
model to represent directly structural response dependence, simplifying the modelling process while
maintaining theoretical consistency. This approach, however, requires sampling directly the EDP values of
each structure, so instead of using FFs for each building taxonomy type, it requires a statistical model for the
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considered EDPs conditioned on the experienced intensity, which might not always be available. The objective
of this study is then to explore the implications of introducing correlation at the EDP level within a scenario-
based regional risk assessment. The approach is tested through to a case study to evaluate the influence of
structural response correlation on regional damage estimates.

2- METHODOLOGY

In the considered framework, EDPs are sampled first to assign later the resulting DSs by checking the
exceedance of the respective thresholds. This requires the definition of demand—intensity models, which
describe the statistical relationship between an intensity measure (IM) and the resulting EDP. It is important to
note, however, that such models are conditioned on the non-collapse collapse of the structures, so collapse
must be treated separately through the respective collapse FF.

To illustrate the approach, a case study was developed considering a single building taxonomy
composed of high-ductility reinforced concrete frame buildings representative of modern Turkish construction,
tr 0018 dch [7]. Using the Built Environment Data Framework for Simulated Design [8], a portfolio of 80
buildings with varying structural characteristics was generated. These models were used to derive both
building-specific and taxonomy-level demand-intensity models and collapse FFs through a cloud analysis. The
analyses were performed on equivalent non-linear single-degree-of-freedom (SDOF) oscillators representing
the buildings by performing a modal transformation based on a linearisation of the pushover curve of the
buildings. For the cloud analysis, a suite of 500 ground-motion records was selected using an unconditional
record selection strategy using the Djura ground motion record selector [9]. Only shallow crustal earthquakes
with moment magnitude larger than 5.0 were considered. To increase the number of observations in the non-
linear range, the records were also scaled by factors of 2 and 6.

For each building, a log-linear regression model was fitted relating the selected IM to the resulting
PSD. The IM selected for the analysis was the average spectral acceleration, Saavg(7), calculated for values
between 0.1 and 2.0 times a period of 0.67s, which is the average of the fundamental period of all the considered
structures. Collapse cases were excluded from the regression, defined as when PSD > 5%. The individual
building models were subsequently combined to obtain a taxonomy-level demand model, accounting for both
record-to-record variability and building-to-building variability within the taxonomy, presented on Equation
1, where the variable ¢ represents the residual of the EDP which accounts for the randomness of the variable.
Because demand-intensity models are conditioned on non-collapse responses, collapse probabilities must be
evaluated separately. Collapse cases observed during the cloud analysis were used to estimate collapse fragility
functions using the method proposed by Jalayer et al. [10]. As in the case of the demand-intensity models,
individual building collapse fragilities were combined to derive a taxonomy-level collapse fragility,
incorporating the variability between buildings within the taxonomy, obtaining that it has a mean in log-space
0f 0.821 and a standard deviation of 0.322.
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As for the correlation in the response different models were evaluated, both for the correlation of the collapse
damage outcomes and the EDP residuals as presented on Table 1. The proposed models are a function of
different parameters, such as the Euclidean distance between the location of the buildings, /4, and the absolute
difference between the fundamental periods, AT, and yield acceleration, ASay, of the structures. These models
are examples of the types of models that could be used for this type of assessment. Specifically, they are valid
kernel functions that guarantee the correlation matrix calculated from them to be positive semidefinite, a
mathematical property of correlation matrices that guarantees all the resulting variances are non-negative.

Table 1- Correlation models considered for analysis

Model | Independent variables | Equation
Collapse Cases
HT | h, AT | ©
Non-collapse cases
HTS h, AT, ASay 3)
HT h, AT “)
TS AT, ASay (5)
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3- RESULTS

The proposed framework was applied to a scenario-based assessment of the 1999 Chi-Chi earthquake. The
EDP were sampled from the taxonomy’s demand-intensity model assuming a random building out of the 80
considered before to be located on top of each of the stations that recorded the event. This means the sampling
was done considering the actual recorded IM at the site in which the building was assumed to be located. A
single DS was considered, defined as when PSD > 0.5%, so the probability distributions of the number of
damaged buildings were obtained based on the sampled EDPs using correlated realisations and comparing with
the results obtained for independent structural responses. It is also possible to perform a non-linear time history
analysis using the specific building model assigned to each of the stations to use as a reference value for the
real number of damaged buildings in this scenario and evaluate the obtained results. The results are presented
in Figure 1.
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Figure 1- Probability distribution of the number of damaged buildings for the 1999 Chi-Chi earthquake scenario
under independent and correlated structural response assumptions

The figure shows that neglecting structural response correlation significantly alters the results. Simulations that
assume independence tend to underestimate the probability of widespread damage, which was actually
observed. When the correlation is incorporated, the simulations produce more spatially consistent damage
patterns, reflecting the common ground-motion and structural characteristics affecting nearby buildings. As a
result, the probability of observing the real damage simulated for the reference scenario goes from 0.45% if
response is assumed to be independent to around 20% if correlation models HT and HTS are considered (20.1%
and 19.7% respectively) and 30.2% for Model TS. This means that even if the observed number of damaged
buildings on that earthquake was overall larger than what would have been expected, the probability of
observing that scenario is more likely to occur when the response correlation is included. The incorporation of
the response correlation in the analysis allows then to have better estimation of highly impacting damage and
losses and as a consequence, efforts should be made to obtain models like the ones used in this study to quantify
it.
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4- CONCLUSIONS

The study investigated the incorporation of structural response correlation in scenario-based regional seismic
risk assessment using an EDP-based framework. A case study was performed to evaluate the impact of
incorporating the variable into the analysis. The results highlight several important findings:

e Introducing correlation directly at the EDP level provides a consistent way to capture structural
dependence across buildings. Unlike DS-based approaches, the method requires only a single
correlation model, avoiding the need to define separate correlations for different damage states within
a single building taxonomy type.

e Collapse must be evaluated separately through dedicated collapse fragility functions, since demand
models are conditioned on non-collapse behaviour.

e Neglecting response correlation can significantly underestimate the probability of widespread damage
in regional assessments.

e  When correlation is included, simulated damage patterns are more consistent with the observed
consequences.

e  The proposed models to quantify the correlation can only capture sources of dependency between the
buildings that can be represented by analytical models of the buildings. The impact of other variables
that contribute to the correlation, such as design or constructive errors should be considered separately
and can only be estimated from real observations of instrumented buildings.

Overall, the proposed framework demonstrates that EDP-based formulations offer a practical and theoretically
consistent approach for incorporating structural response correlation in regional seismic risk assessments.
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