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ABSTRACT
One of the key challenges in applying the performance-based earthquake engineering framework at a regional scale is accounting
for structure-to-structure damage correlation, which is commonly neglected in regional risk assessment. This correlation reflects
the tendency for buildings in the same area, often constructed with similar materials, design practices, and vulnerabilities,
to exhibit similar damage states after an earthquake. In this study, damage correlation was estimated using a method based
on correlated Bernoulli trials, with marginal and joint damage probabilities derived from non-linear time history analyses.
Specifically, multiple stripe analysis on detailed 3D building models and incremental dynamic analysis on equivalent single-
degree-of-freedom oscillators were employed to obtain these probabilities. To evaluate the implications of incorporating this
correlation in regional analysis, a case study was conducted on mid-rise reinforced concrete frame buildings in the province of
Caserta, Italy. Results show that while the inclusion of correlation has little impact on themean andmedian estimates of damaged
buildings for a given scenario, it significantly influences the dispersion and tail behaviour of the damage distribution, increasing
the likelihood of widespread damage. These findings highlight the importance of accounting for damage correlation in regional
seismic risk analyses to support more accurate loss estimates and better-informed mitigation strategies.

1 Introduction

The quantification of seismic risk has gained significant interest
among practitioners and researchers in the field of earthquake
engineering in recent decades. This was primarily through
the development of performance-based earthquake engineering
(PBEE), originally defined in the SEAOC’s Vision 2000 docu-
ment, and later refined by Cornell and Krawinkler [1] through
what became known as the Pacific Earthquake Engineering
Research Center (PEER) PBEE framework, which was later
formulated into a practical performance assessmentmethodology
via FEMA P-58 [2]. In the framework of PBEE, different efforts

have been made to develop practical probabilistic methodologies
for assessing and designing structures, starting with the works
of Cornell et al. [3] and different studies developed to improve
that methodology by Vamvatsikos [4], among many others. In
this context, the risk integral was a key component to evaluate
performance and is given as:

𝜆 (𝐷𝑆) = ∫
+∞

0

𝑃 (𝐷 > 𝐶| 𝐼𝑀) |𝑑𝐻 (𝐼𝑀)| (1)

where λ(DS) is the mean annual frequency of exceedance for a
certain damage state (DS), such as light damage or collapse of a
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Summary
∙ The impact of incorporating building-to-building damage
correlation in scenario-based regional seismic assessments
is investigated—a factor often neglected or oversimplified.

∙ A case study in southern Italy is used to apply the pro-
posed methodology, estimating correlation via correlated
Bernoulli trials and joint damage probabilities derived
from non-linear time history analyses.

∙ Results demonstrate that accounting for damage corre-
lation significantly affects damage estimates, laying the
groundwork for scalable applications in future large-scale
seismic risk assessments.

structure, C and D are scalar values that represent, respectively
the capacity and demand characterised in terms of engineering
demand parameters (EDP), and dH(IM) is the derivative of the
hazard curve estimated through probabilistic seismic hazard
analysis (PSHA) for a given seismic intensitymeasure (IM).When
D > C, the case when the considered DS has been exceeded
is represented, and the corresponding intensity at which this
occurred can be defined in terms of the chosen IM (e.g., the
spectral acceleration for the fundamental period, Sa(T1)). When
utilising several ground motions, the so-called record-to-record
variability in characterising the DS becomes evident, and the
IM level to exceed DS is defined probabilistically via a fragility
function as 𝑃(𝐷 > 𝐶|𝐼𝑀).

Although many risk assessment methodologies were developed
andwidely implementedworldwide for individual buildings (e.g.,
in refs. [5–7]), it is arguably more important from a societal
perspective to consider performance at a regional level [8] to
estimate the collective impact of seismic events on buildings
and take decisions accordingly. To do this, modifications must
be made to the original framework to appropriately model
the uncertainties and expected correlations between variables
when quantifying the risk of multiple buildings. This led to
the formalisation of the regional performance-based earthquake
engineering (RPBEE) framework, recently proposed by Heresi
and Miranda [8]. The mean annual frequency of exceeding a
certain number of damaged buildings can be calculated with
Equation (2):

𝜆 (𝑁𝐷𝑆 > 𝑥) = ∫
𝑟𝑢𝑝

𝑃 (𝑁𝐷𝑆 > 𝑥|𝑟𝑢𝑝) |||𝑑𝜆𝑟𝑢𝑝
||| (2)

where dλrup is the mean annual frequency of the considered
rupture, which is characterised by the hazard of the region,
and P(NDS > x| rup) is the probability of exceeding more
than x damaged buildings for each considered rupture. Such
probability can be estimated using different methods, one being
characterising NDS with a binomial distribution. This relies on
the assumption that all buildings have an equal probability
of being damaged and that the outcome of damage between
different structures is independent. As presented in the following
sections, these assumptions might incur an oversimplification of
the problem that can result in inaccurate estimations of regional
risk. An alternative that allows more general cases and complex
correlations to be considered between different variables involves

Monte Carlo simulation to determine P(NDS > x| rup). This
way, the problem is disaggregated by separately sampling each
structure’s DS from its respective fragility function 𝑃(𝐷 > 𝐶|𝐼𝑀).
Then, the total number of buildings that experience damage
is counted, and the process is repeated for numerous trials to
compute the required statistics.

A fundamental step in this process is estimating the expected
level of shaking at each building’s geographical location for
the considered rupture. This approach shifts hazard charac-
terisation from a scalar value at a single location to a vector
representing the IM values across the M building sites: 𝐼𝑀 =
{𝑖𝑚1, 𝑖𝑚2, . . . 𝑖𝑚𝑛, . . . , 𝑖𝑚𝑀}. Since a probabilistic approach is used,
IM values are typically considered as random variables charac-
terised by a multivariate lognormal distribution, with the mean
values and standard deviations estimated from ground motion
models (GMMs), and the corresponding correlation matrix of
ground shaking generally referred to as spatial correlation. The
justifications for considering the spatial correlation as well as
its effects have been widely studied in the past, leading to the
development of several mathematical models to estimate it (e.g.,
in refs. [9–12]).

Regarding fragility estimation, deriving a specific fragility func-
tion for every building in the region would require detailed
structural information that is usually not available, and would be
a highly time-consuming process. As an alternative, a common
approach is grouping the structures with similar characteristics
and expected similar behaviours into so-called taxonomies (e.g.,
in refs. [13, 14]). This relates directly to the way in which damage
is considered at a regional scale, where the focus is on the
overall, rather than individual, performance of buildings. Global
displacement-based DSs, such as light damage or collapse, are
typically considered, with fragility functions derived for each
taxonomy, although recent progress to consider acceleration-
based demands in DS definitions and regional loss estimation
has been made (e.g., in refs. [15–17]). Different efforts have
been conducted to do this, with a notable effort by the Global
Earthquake Model (GEM) Foundation, which has created and
catalogued fragility (and vulnerability) functions for commonly
observed taxonomies worldwide [18].

Applying a single fragility function to all buildings within a
taxonomy implies that each building i has the same proba-
bility of exceeding a given DS at a particular IM level, imn
(i.e., 𝑃𝑖(𝐷 > 𝐶|𝐼𝑀 = 𝑖𝑚𝑛) = 𝑃(𝐷 > 𝐶|𝐼𝑀 = 𝑖𝑚𝑛)). However, in
a specific earthquake scenario for which the IM level and
taxonomy fragility function are known, each building either
exceeds the DS or it does not; the notation of probability instead
refers to several trials of the same shaking scenario. In regional
assessments, it is generally assumed that the exceedance of a
DS by one structure is conditionally independent of the damage
experienced by others, given the IM level at each location.
Nevertheless, some statistical dependence still exists due to
spatial correlation of the IM values themselves between sites.
For example, the median IM values are typically estimated using
the same GMM for a common combination of rupture char-
acteristics; under similar site conditions, inter-event residuals
are considered as fully correlated across sites, and an intra-
event spatial correlation model is usually used, as studied by
Giorgio and Iervolino [19], among others. Recognising that the
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FIGURE 1 Flowchart for performing Monte Carlo simulation to investigate the impact of correlated and uncorrelated damage (D) (and also no
damage [ND]) for a set of buildings within the same taxonomy subjected to a constant level of shaking.

assumption of complete independence of damage is not entirely
valid due to the statistical dependencies associated with the
experienced IMs, for the sake of linguistic simplicity, this case
will be nonetheless referred to as independent or uncorrelated
damage.

So, when the performance of several buildings is considered
independent, and the ground shaking experienced by each
building is constant, 𝑃(𝐷 > 𝐶|𝐼𝑀 = 𝑖𝑚𝑛) can also be thought
of as the percentage of buildings within the taxonomy that
surpassed theDS threshold. This is typically done viaMonteCarlo
simulation from the taxonomy fragility function to simulate a
set of buildings that have exceeded DS for a given earthquake
scenario, as can be seen in Figure 1, where for a given trial K
in uncorrelated damage (i.e., horizontal statistics), the fraction
of buildings in a damaged state is equal to the probability p
determined from the fragility function. Similarly, for a single
building, over several trials 1 through K (i.e., vertical statistics),
the fraction of damaged buildings is also equal to the same
probability p.

This example is a classical approach to the problem and assumes
that during individual trials of a single earthquake scenario,
the performance of buildings is independent. However, it is
reasonable to assume that structures built in the same region
during the same period were likely designed and constructed
with a common design code, as well as similar construction
practices, resulting in them having either similar strengths
and/or deficiencies [20]. A notable example evidencing this
dependence occurred in Medellín, Colombia, during the 2010s.
Several buildings constructed by the same company and designed
by the same structural engineer exhibited significant structural
deficiencies. This led to the collapse of a tower of the residential
project Space in October 2013 [21], followed by the controlled
demolition of the remaining five towers of the same project
[22]. Later, two other projects built and designed by the same
professionals were also demolished due to significant structural
damage [23, 24]. In addition to that, at least two other projects of
the same company had to be evacuated due to safety concerns,
and structural assessment studies were developed for many
others [25]. Studies developed to determine the causes of the
deficiencies in the buildings found several contributing factors,
such as inadequate structural design and the use of materials
with lower mechanical properties than the ones assumed in the
design, as well as the inconsistencies between the constructed

dimensions of structural elements with respect to those specified
in the structural plans [21]. Given that these failures occurred
under gravity loads alone, it is highly probable that these struc-
tures would have suffered severe damage in the event of an
earthquake.

As observed from the previous example, it is logical to expect then
that if a single earthquake causes one building to experience a
certain level of damage, the same outcome is likely to occur to
structures with similar characteristics subjected to similar levels
of ground shaking, which will be addressed later. This is why,
in regional seismic risk assessment, it is crucial also to consider
the potential statistical dependence on the damage of different
structures, which is generally represented with what has been
defined as structure-to-structure damage correlation. This type
of correlation is generally either neglected by risk modellers
or handled in a very simplified way. Heresi and Miranda [20],
among others, have illustrated how it can significantly affect
the risk estimated over an entire region [15]. The implications
of incorporating this variable into the analysis, compared to the
case in which damage is assumed to be independent, are once
again presented in Figure 1. Here, the Monte Carlo simulations
from the fragility function are no longer independent, meaning
that for a given trial K in correlated damage (i.e., horizontal
statistics), the fraction of buildings in a damaged state is not
equal to the probability p determined from the fragility function
but likely much higher or lower. However, for a single building,
over several trials 1 through K (i.e., vertical statistics), the fraction
of damaged buildings is still equal to the probability p. This
is the key difference between considering and not considering
the aforementioned structure-to-structure damage correlation in
regional seismic risk assessment.

This study examines how this structure-to-structure damage
correlation may be calculated for residential building typolo-
gies typically found in Italy using analytical models. Different
methodologies were investigated for different and similar tax-
onomies (i.e., inter- and intra-structure correlation), and com-
mentary on the benefits and drawbacks of each was explored.
A case study in the province of Caserta in Italy was then used
to test the methodologies and to demonstrate the impacts that
considering and neglecting it can have, especially with respect
to the spatial correlation of ground shaking in a regional seismic
risk assessment. Calculating the structure-to-structure damage
correlation from empirical data from past events would generally
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be the preferred approach. However, the availability and quality
of such data in terms of information on architectural distribution,
mechanical properties of the materials, slab type, storey height,
and so forth, which are some possible sources of dependence in
the damage of different buildings, are not always readily available.
Hence, while analytical models might not represent all sources
of structure-to-structure damage correlation, they still provide the
means to account for some of them, offering improved estimates
to what is currently available.

2 Accounting for Structure-to-Structure Damage
Correlation in Buildings

2.1 Background Review

Unlike the spatial correlation of IMs employed in seismic haz-
ard analysis, which has been extensively studied with several
mathematical models developed to quantify it, structure damage
correlation has received comparatively less attention. In most
analyses, this variable is either entirely neglected or treated
simplistically by assigning a constant value across all structures
(e.g., in refs. [26–28]). Nevertheless, recent efforts have sought
to understand this issue better and enhance regional risk mod-
els by incorporating more accurate representations of damage
correlation.

One of the earliest studies was by Lee and Kiremidjian [29], who
investigated the effects of considering the structure-to-structure
damage correlation on spatially distributed bridge systems, pri-
marily focusing on transportation networks. Specifically, the
damage correlation was estimated for bridges within the same
network, assuming an equi-correlated scenario, in which the
correlation between the DS experienced by structures a and b,
Corr(DSa,DSb), was estimated as 1 for a = b (i.e., the structure’s
DS is perfectly correlated with itself) and ρ for a ≠ b, with ρ ∈

[0,1] (i.e., the damage to structure a is correlated to structure b
by the same amount that structure c is to structure d). While
the correlation was assumed independent of ground motion
intensity, it varied with the damage level and was viewed as
an optimisation problem. Using least squares adjustment, the
marginal probabilities of each bridge’s DS were imposed as
constraints. A sensitivity analysis revealed that as the correlation
increased, the variance in total loss also grew, emphasising
the importance of accurately quantifying and incorporating this
correlation.

Subsequent approaches expanded on thiswork; DeBock et al. [30]
studied a method for incorporating spatial correlations between
EDPs obtained by performing non-linear time history (NLTH)
analyses on computational models of buildings for different
recordings of the same event in stations located at a certain
distance. Later, Kang et al. [31] proposed a model to estimate
correlations between EDPs based on the results of incremen-
tal dynamic analysis (IDA) performed on multiple structures.
These approaches, by capturing statistical dependencies in EDPs,
implicitly have the same effects as accounting for structure-
to-structure damage correlation; however, they are not directly
correlating the probabilities of observing certain DS. Meanwhile,

Xiang et al. [32] introduced an analytical model for deriving
damage correlation based on structural dynamic properties
and spatial separation. This model employed equivalent single-
degree-of-freedom (SDOF) systems subjected to consistent and
spatially variable white noise.

Heresi and Miranda [20] approached the issue by modelling
a structure being in a DS as a Bernoulli trial, where the
correlation between two structures could be derived from their
marginal probabilities and the joint probability of both expe-
riencing damage under given ground motions. The authors
represented the joint distribution with a Gaussian copula, a
bivariate normal distribution with a mean vector equal to
zero and a given covariance matrix. However, selecting an
appropriate correlation factor for the copula remains challeng-
ing. To address this in their case study illustration, Heresi
and Miranda [20] proposed an equation inversely propor-
tional to the distance between structures and the difference
in their construction years. Although this equation was nei-
ther tested nor validated but rather based on experience and
engineering judgement, it nevertheless illustrated how differ-
ent values of structure-to-structure correlation could signif-
icantly affect regional risk assessment outcomes, especially
when collectively dealing with multiple structures and not
individual assets as a part of a more holistic decision-making
process.

Among themethodsmentioned above, the approach proposed by
Heresi and Miranda [20] is particularly well-suited for regional
seismic risk assessment methodologies. It not only allows the use
of fragility functions widely used in the literature, like the ones
derived by GEM [18], but also acknowledges that the correlation
value should not be uniform across all buildings, given their
varying characteristics. Additionally, the challenge of selecting
the correlation for the Gaussian copulas can be addressed by
developing mathematical models and performing regressions
with data from actual historical events or derived from simulated
scenarios. With this in mind, an extension of this approach
was used in the case study to estimate the damage correlation
described herein.

2.2 Computing Correlation Between Bernoulli
Trials

A Bernoulli trial is an experiment whose outcome is random and
yields one of only two possible outcomes: success or failure [33],
where the probability of success is denoted as p. In the context
of seismic events, a building being above or below a certain DS
can be visualised as a Bernoulli trial, where a successful outcome
corresponds to the structure being above a defined DS, denoted
ds, and a failure corresponds to the structure being below it. This
probability can be obtained by the fragility function for Building a
at a given IM value imn, where 𝑃(𝐷𝑆𝑎 > 𝑑𝑠|𝐼𝑀 = 𝑖𝑚𝑛) is denoted
simply as pa.

Therefore, the structure-to-structure damage correlation for two
buildings, a and b can be estimated using the equation for the
correlation between two Bernoulli trials:
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𝜌𝐷𝑆𝑎,𝐷𝑆𝑏 |𝑖𝑚𝑛,𝑖𝑚𝑚
=

𝑃𝑎,𝑏(𝐷𝑆
𝑎
> 𝑑𝑠 &𝐷𝑆𝑏 > 𝑑𝑠 |𝑖𝑚𝑛, 𝑖𝑚𝑚) − 𝑃𝑎 (𝐷𝑆

𝑎
> 𝑑𝑠|𝑖𝑚𝑛) 𝑃𝑏

(
𝐷𝑆𝑏 > 𝑑𝑠|𝑖𝑚𝑚

)
√
𝑃𝑎 (𝐷𝑆𝑎 > 𝑑𝑠|𝑖𝑚𝑛) (1 − 𝑃𝑎 (𝐷𝑆𝑎 > 𝑑𝑠|𝑖𝑚𝑛)) 𝑃𝑏 (𝐷𝑆𝑏 > 𝑑𝑠|𝑖𝑚𝑚) (1 − 𝑃𝑏 (𝐷𝑆𝑏 > 𝑑𝑠|𝑖𝑚𝑚))

(3)

For simplicity, the previous equation is denoted from now on as:

𝜌𝑎,𝑏 =
𝑝𝑎,𝑏 − 𝑝𝑎𝑝𝑏√

𝑝𝑎 (1 − 𝑝𝑎) 𝑝𝑏 (1 − 𝑝𝑏)
(4)

where pa and pb correspond to the marginal probability of
buildings a and b experiencing a given DS conditioned on
the intensity experienced at their respective locations, imn and
imm, and pa,b represents the joint probability of both buildings
sustaining damage at the intensity experienced by the respective
locations. Therefore, the estimated correlation is also indirectly
dependent on the intensity values at the building site locations.

Although the marginal probabilities are already known by the
fragility curves of the buildings, typically derived for specific
taxonomies, sufficient data on the joint probability of damage is
often unknown. As a solution, Heresi andMiranda [20] proposed
the use of Gaussian copulas as a way of estimating the joint
distribution mathematically from the already known marginal
probabilities of damage of each building. Alternatively, such
distribution could also be estimated analytically from the results
of NLTH analyses, as presented in the following section. How-
ever, implementing this method requires detailed information to
develop non-linear models for all buildings within the studied
region, posing a significant challenge.

2.3 Estimation of Joint andMarginal Probability
Distributions

NLTH analysis is a cornerstone methodology in earthquake
engineering, enabling the estimation of a building’s non-linear
response to seismic shaking. While primarily used in risk assess-
ment to analyse single buildings and derive fragility functions,
NLTH analyses can be extended to estimate the joint probability
of damage between structures. Two widely used methods for
NLTH analysis are IDA [34] and multiple stripe analysis (MSA)
[35]. IDA performs NLTH analyses with a single set of ground
motion records, incrementally scaled to arbitrary IM levels until
observing collapse, offering a continuous picture of the evolution
of the EDP with respect to IM.

Although IDA has been very useful in PBEE, it has some
limitations that must be highlighted. One major issue is the
selection of groundmotion records for the analysis, since different
studies have shown that the NLTH analysis results can be
significantly affected by the chosen set of records (e.g., in ref.
[36]). Additionally, there may be some bias in the results of
analyses when records are significantly scaled [37]. The extent
of this bias depends on the selected IM for the analysis, where
Dávalos and Miranda [38], for instance, showed that Sa(T1) is an
IM significantly prone to bias. Although this issue can be avoided
by using alternative IMs or simply inspecting the results to ensure

no bias, as shown by O’Reilly [39] and Aristeidou and O’Reilly
[40], for example, it is generally preferred to use MSA [34] in
such cases, which shares the same principle as IDA, with the
difference that the records are selected to be hazard-consistent
at each individual IM level (stripe), limiting the scaling factor
required in many cases. It is important to know, however, that
with MSA it is not possible to deduce a continuous picture of
the EDP’s evolution with respect to IM—as in the case of IDA—
since the data cannot be interpolated given that a different ground
motion record set is used for each IM stripe.

Following the samemethodology used to estimate the probability
of a particular building exceeding a certain DS for a given IM,
which in the context of this study corresponds to the marginal
probability of damage, it is possible to estimate the joint probabil-
ity of damage of two buildings from the results of NLTH analyses,
denoted pa,b. If the same set of ground motion records is used for
all models, the probability of two buildings exceeding a DS can be
estimated by counting the records for which the corresponding
limit EDP was exceeded for both buildings simultaneously for
both records and dividing by the total number of records, as
follows:

𝑝𝑎,𝑏 =
𝑧𝑎,𝑏

𝑛
(5)

where za,b is the number of observations inwhich both buildings a
and b result in a givenDS andn is the total number of records used
for the analysis. The value of za,b can be estimated either from the
results of MSA, as presented in Figure 2, or from the results of
IDA, as presented in Figure 3.

Given the limitations of IDA discussed earlier, the ideal approach
would involve using the results ofMSA on all buildings. However,
as previously mentioned, MSA requires a different set of records
for each stripe, making it near impossible to interpolate the EDP
results for IMvalues other than those corresponding to the one for
which the records were selected. This limitation means that MSA
can only be used in a hypothetical scenario where all buildings
experience a constant level of ground motion shaking (i.e., imn
= imm), which is unlikely, with an IM corresponding to that of
a particular stripe, where the same IM is assumed to be used for
both buildings, as illustrated in Figure 2.

In reality, where each building experiences a different IM level,
a viable alternative is to use the results obtained by performing
an IDA on the buildings. This involves modelling the expected
IM level at each site and then interpolating the EDP values for
each building at the corresponding IM level for each record.
Once this is done, the joint probability can be estimated from
Equation (5) and as illustrated in Figure 3 for the case of imn ≠

imm. The marginal probabilities used to estimate the correlation
from Equation (4) are calculated from the results of either MSA
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FIGURE 2 Estimation of joint probability distribution from MSA results. MSA, multiple stripe analysis.

FIGURE 3 Estimation of joint probability distribution from IDA results. IDA, incremental dynamic analyses.

or IDA as follows:

𝑝𝑎 =
𝑧𝑎
𝑛

(6)

𝑝𝑏 =
𝑧𝑏
𝑛

(7)

where z is the number of observations of a given DS and n
is the number of ground motions. The correlation can then
be calculated from Equation (4) using the joint probability
obtained in Equation (5) and the marginal values obtained from
Equations (6) and (7).

One of the advantages of estimating the damage correlation with
this method is that it accounts for the dependence of correlation
on the considered DS, as structural responses vary with the level
of non-linearity experienced. This aspect is incorporated into
the methodology through the calculation of joint and marginal
probabilities, as defined by Equations (5), (6), and (7), that yield
different results based on the considered DS. As a result, the
estimated correlation inherently depends on the considered DS
in each structure investigated. In addition to that, with the results
of IDA, it may also be possible to estimate correlations across
different DS between structures (i.e., collapse at structure a
with light damage at structure b), although this aspect was not
addressed here and is noted as a potential future development.

It is important to note that estimating joint probabilities from
MSA is limited not only by the requirement that the IM value

must be constant across all buildings (Figure 2), but also by the
need to use the same type of IM (e.g., PGA) for the assessment of
all buildings. However, structural response can be characterised
more efficiently by using IMs better linked with their specific
dynamic characteristics like Sa(T1). The use of next-generation
IMs like Saavg(T*) has shown more efficient fragility estimations
[41] and could pose a solution to the inefficiency issue, and the
final period range for which Saavg(T*) is computed captures the
expected variations in the period as all buildings start to behave
non-linearly. There are some special considerations that must be
made if Saavg(T*) is selected as the IM for the analysis. Traditional
seismic hazard assessments have been conducted without the
inclusion of Saavg(T*). However, recent advancements in GMM
developments have made its inclusion feasible (e.g., in refs. [38],
[42], [43]) and on ways of estimating the spatial correlation for
Saavg(T*), as well asmethods for estimating the spatial correlation
like the indirect approach proposed by Heresi and Miranda
[44]. Similar challenges are encountered when dealing with the
fragility functions, since those found in the literature are rarely
estimated in terms of Saavg(T*); therefore, it would be necessary to
convert the IM of the fragility function with methodologies such
as the one proposed by Suzuki and Iervolino [45]. However, if the
structure-to-structure correlation is estimated with IDA (which
was the method ultimately used in this study), a common set
of ground motions can generally be used for all structures. To
develop correlation models that span different IMs for different
structures, the IM value of each ground motion used in the
analysis can be computed for each structure. Then, when ground
motion fields are calculated using spatial cross-correlation
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models, resulting in a simulated intensity at the location of each
building in terms of its respective IM, a correlationmodel that has
been developed for the two different IMs can be used.

Finally, it must be noted that this method has a high compu-
tational cost, as it requires running several records at various
IM levels on all buildings of the region under assessment. It
is possible, however, to explore the applicability in this specific
context of different approaches commonly used to simplify the
process of generating fragility curves. One of the most common
approaches [18] is by using equivalent SDOF oscillators with
properties derived from the pushover curve of the buildings,
which approximates the behaviour of a multiple degree of
freedom building assuming regular response and first-mode
dominance and displacement-based DSs. This methodology was
employed byMartins and Silva [18] and also by Nafeh et al. [46] as
a simplified method for assessing infilled structures, for example,
and will be discussed below.

2.4 Implementing Structure-to-Structure
Correlation in Regional Damage Assessment

Once the correlation between Bernoulli trials has been calculated
from Equation (4) for each pair of buildings in the portfolio, it is
possible to utilise this and estimate damage scenarios due to any
particular earthquake scenario using Monte Carlo simulation,
whilst also accounting for structure-to-structure damage corre-
lations. The general procedure follows the method proposed by
Emrich and Piedmonte [47] to generate correlated binary random
variables, which considers that the joint distribution of the data
can be approximated from a multivariate normal distribution.
The steps to follow are:

1. For the considered rupture, simulate the value of the IM
at the location of each building in the portfolio using an
appropriate GMM and spatial correlation model for the
considered region.

2. Using Equation (4), calculate the value of ρab for each pair
of buildings for their respective IM value estimated in the
previous step.

3. For each pair of buildings, a and b, find the structure-
to-structure correlation value of the multivariate normal
distribution, δab, by solving Equation (8):

Φ
[
Φ−1 (𝑝𝑎) , Φ

−1 (𝑝𝑏) , 𝛿𝑎𝑏
]

= 𝜌𝑎𝑏
√
𝑝𝑎 (1 − 𝑝𝑎) 𝑝𝑏 (1 − 𝑝𝑏) + 𝑝𝑎𝑝𝑏 (8)

where this is simply a reworking of Equation (4) with
the assumption that the joint probability 𝑝𝑎𝑏 can be repre-
sented using a Gaussian copula function Φ[⋅] with inherent
correlation δab, as per Heresi and Miranda [20].

4. Given that N is the total number of buildings considered
in the assessment, sample a vector of correlated random
variables 𝑋 = {𝑥1, 𝑥𝑎, 𝑥𝑏, . . . , 𝑥𝑁} with a mean vector equal to
zero 𝜇𝑋 = {0, . . . 0} and covariance ΣX, where ΣX (𝑎, 𝑏) = 1 for
a = b and ΣX (𝑎, 𝑏) = 𝛿𝑎𝑏 for a ≠ b.

5. From vector 𝑋, obtain a vector of correlated uniformly
distributed variables 𝑈 = {𝑢1, 𝑢𝑎, 𝑢𝑏, . . . , 𝑢𝑁} such that:

𝑢𝑎 = Φ (𝑥𝑎) (9)

6. From this vector of U values, estimate the DS of every
building by taking the probability of exceedance of the con-
sidered DS from every building’s respective fragility function
conditioned on the IM estimated in Step 1, Pa(DSa > ds|imn).
The structure is simulated as being in DS if ua < Pa(DSa >
ds|imn), or otherwise undamaged.

The steps above are equivalent to implementing the approach
illustrated inFigure 1,where the grey crossmarks are simulated as
correlation trials to estimate damage scenarios. If the correlations
had been ignored (i.e., ΣX (𝑎, 𝑏) = 0), then this is akin to simulat-
ing the grey dots in the same figure. It is important to consider
that this procedure, as it is outlined here, considers just one DS.
Including additional DSs would increase the complexity of the
problem (e.g., cross-DS correlations) and would require further
considerations but is nonetheless feasible. Having simulated the
DS of each building, it is possible to estimate the total number
of buildings in a given DS by simply counting them in a single
trial, allowing the probability of observing more than x damaged
buildings for the considered rupture, P(NDS > x| rup), to be
estimated. If the procedure is repeated for other possible ruptures
in the area, a regional damage estimation can be obtained by
applying Equation (2).

3 Definition of Case Study

A regional seismic risk assessment of mid-rise residential rein-
forced concrete (RC) frame structures was conducted to study
the effects of structure-to-structure damage correlation in a real-
world setting. A portfolio of buildings was generated with the
Built Environment Data (BED)’s SimDesign service (https://
simdesign.builtenvdata.eu/) [48], which allows non-linear mod-
els of simulated buildings representative of specific eras in
construction practice to be obtained. This tool simulates building
characteristics using Monte Carlo simulation, estimating struc-
tural features based on their observed regional proportions. This
approach offers a practical alternative for applying the proposed
method to calculate structure-to-structure damage correlation,
since developing non-linear models for all buildings of a specific
taxonomy in a region is highly time-consuming and, in many
cases, unfeasible due to the lack of detailed information required
to construct such models. However, with such a tool available,
this could be simulated based on existing knowledge to produce
representative buildings from each construction era with relative
ease.

To ensure the simulated buildings reflect realistic conditions
and hence better characterise the relative impact of structure-
to-structure correlation on regional assessments, their charac-
teristics were estimated based on real-world data from a study
by Corlito and De Matteis [49], in which detailed structural
properties of RC buildings across eight municipalities were
collected for the Caserta province in Italy. It was decided to focus
on threemunicipalities: Castello del Matese, Gioia Sannitica, and
Piedimonte Matese, which share a similar high seismic hazard
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FIGURE 4 Assumed spatial distribution of the assets studied
within the three municipalities.

classification according to the Italian building code, Norme tec-
niche per le costruzioni (NTC18) [50]. The number and locations of
buildings in the analysis were derived from an accurate exposure
model, reflecting the actual portfolio of buildings of the selected
typologies in the studied municipalities, as described below.

3.1 Exposure Model

The exposure model adopted was the one used in the European
seismic risk model (ESMR20) [51]. It divides the buildings into
residential, commercial and industrial use classes and categorises
them according to the GEMBuilding Taxonomy v3.1 [52]. For this
case study, only residential buildings with more than four storeys
were considered, including all code levels and design lateral force
coefficients found in the area. A total of 62 buildings were found
to be in the studied municipalities, distributed into the following
taxonomies:

∙ CR/LFINF + CDL + LFC:0.0/HBET:4-: Low code RC infilled
frames with more than four storeys designed for a load factor
of β = 0% (41 buildings).

∙ CR/LFINF + CDL + LFC:7.0/HBET:4-: Low code RC infilled
frames with more than four storeys designed for a load factor
of β = 7.0% (15 buildings).

∙ CR/LFINF + CDM + LFC:7.0/HBET:4-: Moderate code RC
infilled frameswithmore than four storeys designed for a load
factor of β = 7.0% (6 buildings).

Since the exposure model aggregates all buildings in each munic-
ipality to a single point, spatial disaggregation was performed
using GEM’s spatial disaggregation repository [53]. The data on
the distribution of the population used for the analysis was
obtained from the WorldPop data of Italy for the year 2020, with
a resolution of 100 m [54]. The spatially disaggregated location
of the assets adopted for this study is presented in Figure 4.
While these do not necessarily correspond to the actual locations

of these typologies, it is not envisaged to have any impact on
the overall conclusions of the work; the focus of this study is
to examine the impacts of structure-to-structure correlation on a
case study evaluation of a realistic area exposed to seismic hazard.

The categorisation of the codes into low or moderate and the
definition of the lateral load coefficient, β, follow the generalised
definition presented in Crowley et al. [55]. It was defined based
on common standards of a particular generation of seismic design
norms. CDL codes, for instance, consist of the first generation of
design codes in which material-specific standards and allowable
stress design were performed. On the other hand, CDM codes
are considered second-generation codes that included the first
concepts of capacity design and some details to improve ductility.
The value of β represents the percentage of the mass of the
building that is being applied as a lateral force for the design of the
building and is not only dependent on the hazard of the site but
also on specific code requirements like behaviour or importance
factors. Since the category of the code is related to the generation
of the code in Europe, it is possible to find that in a region there
are more than one code classified into a particular category. In
Italy, for example, three different norms were classified as CDL,
the ones from 1915, 1935, and 1984 [55]. It is possible then that the
required value of β changed from one CDL code to another CDL
code, so it is a variable that introduces an additional variation on
the expected response of the buildings. While β is undoubtedly
an uncertain parameter with several contributing factors, it was
adopted here to maintain some integration with taxonomy-based
studies that use the CDL, CDM, and other such definitions in the
literature.

3.2 Simulated Design and Numerical Modelling

Since 62 buildings were found across the three municipalities
from the exposure model, a similar-sized portfolio of buildings
and numerical models was simulated with the BED’s SimDesign
service following structural attributes obtained from Corlito and
De Matteis [49]. Each building was then designed using the
equivalent lateral force method, following European standards
depending on the desired level of the design code and using
the respective value of β. The resulting numerical models were
then generated by the tool in OpenSeesPy [56], allowing NLTH
analyses to be performed and fragility functions to be developed,
as well as the structure-to-structure damage correlation to be
estimated with the methodology described in Section 2. The
numerical models were developed with each building being
modelledwith elastic elements for beams and columns,with their
stiffness beingmodified according to Zareian andMedina [57]. To
model non-linearity, a lumped plasticity approach was used, with
the location of zeroLength elements at both ends of the elements
simulating the moment-rotation response of plastic hinges. The
yield moment and rotation capacity were estimated as proposed
by Panagiotakos and Fardis [58] and Eurocode 8 – Part 3 [59]. The
other parameters were estimated from Haselton et al. [60] and
ASCE/SEI-41/17 [61]. The bond slip factor was considered in the
computation of the plastic rotation capacity. Further details are
outlined in Ozsarac et al. [48].

Additional springs were located to account for potential shear
failure in the columns for the cases in which capacity design
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TABLE 1 Hazard analysis results with the computed Saavg(T*) values for different return periods.

Return period [years] 22 42 72 140 224 475 975 2475 4975 9975
PoE in 50 years 0.897 0.696 0.501 0.300 0.200 0.100 0.050 0.020 0.010 0.005
Saavg(T*) [g] 0.021 0.044 0.072 0.123 0.166 0.268 0.383 0.577 0.746 0.945

principles were not considered during the design of the building.
For the hinge material, the three-point limit curve proposed
by Elwood and Moehle [62] and Elwood [63] was adopted.
The shear strength was estimated from ASCE/SEI-41/17 [61]
with the strength degradation model proposed by Sezen and
Moehle [64]. Beam-column joints were modelled as zeroLength
elements, considering the joint flexibility in the rotational degrees
of freedom, using inelastic, elastic or rigid materials depending
on the joint type. Inelastic joints were modelled as a Hysteretic
uniaxial material with parameters obtained with expressions
specified by O’Reilly [65] and O’Reilly and Sullivan [66].

Pushover analyses and modal characteristics were performed
to calculate the properties of the equivalent non-linear SDOF
oscillators. The buildings were distributed geographically across
the area, assigning them a random location from the spatially
disaggregated exposure model.

3.3 Seismic Hazard

Seismic hazard was quantified via PSHA at the site location
corresponding to the mean coordinates of all the buildings
considered in the region using the 2013 European Seismic Haz-
ard Model (ESHM13) [67]. This was a simplifying assumption
to avoid conducting building-specific PSHA (and subsequent
ground motion record selection) that would have resulted in a
drastically increased computational cost. The GMM considered
was the one developed by Boore et al. [68], assuming a firm soil
withVs,30 = 480m/s, and the spatial correlationmodel by Jayaram
and Baker [11] was adopted. The IM selected for the analysis was
the average spectral acceleration over a period range, Saavg(T*),
whichhas been demonstrated in several past studies to offermany
benefits in terms of efficiency and sufficiency (e.g., in refs. [36],
[39], [44], [69–71]). The period of the range for the analysis was
defined based on the limits proposed by Eads et al. [41], which
consists of a lower limit of 0.2T* and an upper limit of 3.0T*. The
value of T* was calculated as presented in Equation (10):

𝑇∗ = 1

𝑁

𝑁∑
𝑏=1

√
𝑇1𝑋,𝑏𝑇1𝑌,𝑏 (10)

where N is the total number of buildings and T1X and T1Y are
fundamental periods of the building b in the two orthogonal
directions. For the portfolio considered, T* was computed as
0.605 s, meaning the selected period range was 0.12 to 1.82 s.
The Saavg(T*) intensity levels for different return periods and
probability of exceedance (PoE) in 50 years are presented in
Table 1. For each return period, 40 ground motion records were
selected following the conditional spectrummethod described by
Lin et al. [72] using the Djura Record Selector (https://apps.djura.

it/login) to give a groundmotion suite that was hazard consistent
with the Sa(T) values at different vibration periods.

3.4 Fragility Estimation

Regarding fragility functions, different approaches can be con-
sidered to identify and implement them in regional studies.
On one hand, structure-specific fragilities can be derived from
a fully defined model of a particular structure, capturing all
geometric, material, and structural details. When performing
regional analysis, developing structure-specific fragility func-
tions for each building renders this approach cumbersome and
unscalable, and has led to a more pragmatic approach of using
taxonomy-based fragilities [73]. Taxonomy-based fragilities are
intended to represent the response of a population of buildings
sharing common characteristics (e.g., structural system, number
of storeys, construction era). Unlike structure-specific fragilities,
where the primary uncertainty is intra-building, taxonomy-
based fragility functions have an added uncertainty associated
with the inter-building variability for a given taxonomy class.
While a taxonomy-based approach would commonly be used
for case studies like the one presented here, it was decided to
work with structure-specific fragilities. This was because the
number of buildings in the case study region was still feasible
to analyse individually, and also because it would allow the
issue of structure-to-structure damage correlation to be better
isolated and examined without the interference of inter-building
variability being present initially. The approach adopted herein
was to better understand the issue on a structure-specific scale
and quantify its relative impact (if any). The findings will be
extended in future work to better align with regional studies
adopting a taxonomy-based fragility function approach where
inter-building variability is accounted for. In this respect, the
use of equivalent SDOFs to characterise correlations between
individual structures could be investigated to characterise and
assess entire classes (e.g., as discussed in ref. [74] when extending
to regional assessments).

Structure-specific fragilitieswere derived for each of the buildings
from the results of the NLTH analyses, which were performed in
any case to allow the structure-to-structure damage correlation to
be estimated, as described in Section 2. Two types of analyseswere
conducted: first, MSAwas performed on the full 3Dmodels of the
structures; and second, IDA was performed on equivalent SDOF
oscillators. Using MSA represents a more thorough approach
considering full model behaviour and hazard-consistent ground
motions; however, it comes at a great computational cost in
addition to presenting difficulties in quantifying correlations
between buildings experiencing differing IM levels, as discussed
previously. IDA was conducted using the single set of ground
motion records selected for an intensity of Saavg(T) equal to
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FIGURE 5 Correlation matrices calculated for Saavg(T) = 0.268 g
and PDR > 1%, using results from MSA (left) and IDA on SDOF (right).
IDA, incremental dynamic analyses;MSA,multiple stripe analysis; SDOF,
single-degree-of-freedom.

0.268 g. By adopting IDA, the effect of using equivalent SDOF
oscillators to estimate correlations compared to the results of the
full 3D model and hazard-consistent MSA was studied.

The process of performing IDAs on the equivalent SDOF systems
involves several steps. First, a static pushover curve is performed
in each building direction and converted to an equivalent SDOF
system as described by O’Reilly and Shahnazaryan [16]. During
the linearisation process, priority was given to preserving the
maximum strength of the building rather than matching the
areas beneath the original and linearised curves, as the maxi-
mum strength was deemed a more representative parameter of
the building’s mechanical behaviour. Next, the NLTH analyses
were performed to generate the IDA curves for each building.
Subsequently, the results were transformed back to represent the
original MDOF building.

Given the inherent limitations of IDA previously discussed, the
fragility functions derived from the results of MSAwere preferred
to estimate damage in the case study. The maximum likelihood
method was used to fit a lognormal distribution to the results
obtained from the MSA. Two different DS were considered: DS1,
light damage, defined as the case in which the maximum peak
storey drift (PSD) ratio is larger than 1.0%; and DS2, collapse,
defined as the case in which the maximum PSD ratio is larger
than 8.0%.

3.5 Quantifying Structure-to-Structure Damage
Correlation

Structure-to-structure damage correlation was calculated using
Equation (4) based on the results of MSA. The marginal proba-
bilities were obtained through linear interpolation of the discrete
data computed with Equations (6) and (7), whereas the joint
distribution 𝑧𝑎,𝑏 was calculated using Equation (5) (Figure 2),
acknowledging the limitation that this method only allows
damage correlation to be estimated under constant shaking cases.
On the other hand, the results of IDA on the SDOF oscillators
were used to compute 𝑧𝑎,𝑏, allowing for the consideration of
different intensity levels at the building locations, as shown in
Figure 3.

An example correlation matrix calculated using both approaches
is presented in Figure 5. It assumes the same intensity of shaking
for all buildings to allowMSA-based correlations to be computed

and significant differences to be observed. In general, the IDA on
SDOFs approach tends to result in notably higher correlations;
however, the impact of this in actual damage estimations is fur-
ther explored in the following sections. It is important to note that
some negative values appear in the estimations, primarily due to
the limited number of records causing damage to both structures.
While such negative values are not physically meaningful in this
context, they occur only in specific cases and remain close to
zero, so no special adjustments were made. Additionally, the
numbering of the buildings was randomly assigned, so no distinct
pattern should be expected in the results illustrated other than the
diagonal values being equal to unity.

It is important to acknowledge that variations on the results
presented in Figure 5 obtained using the IDA on SDOFmay arise
due to the selected suite of ground motion records. This is, as
previously stated, a general limitation of IDA since a single set
is typically used and overlooks site-specific hazard features that
could influence fragility function development. However, it has
been shown that this impact is diminished when Saavg(T*) is used
for the analysis [36], as was done here. Furthermore, there may
be some uncertainty in the estimation of the fragility function’s
lognormal distribution parameters (i.e., median, dispersion) due
to modelling choices and the variability of the results from the
specific set of records used to fit them that could ultimately impact
the fitted distribution, its classification of DS, and ultimately the
computed value of the correlation. To have a general idea of
the magnitude in the estimations of uncertainty, the coefficient
of variance (COV) of the fitted parameters for Building 15 was
estimated, using the parametric resampling method with 1000
realisations and generating 40 samples for each intensity level.
It was determined that for DS1 the fitted parameters have a COV
of 4.5% for the mean and 14.6% for the standard deviation, and
for DS2 the obtained values are 6.5% and 16.8%, respectively. The
impact of this uncertainty in the estimation of the correlation
was therefore not deemed critical but should be studied in future
developments of this work.

4 Analysis for Different Shaking Cases

To evaluate the impacts and applicability of the correlation
models previously described, a case study region was examined
for different cases to estimate the number of damaged buildings.
This included evaluating the impact of structure-to-structure
correlation, methods to estimate it and its relative impact (if any)
with respect to themorewell-known spatial correlation of ground
shaking. Depending on the case under evaluation, two DSs were
considered: light damage (DS1) and collapse (DS2). A summary of
the different combinations is given in Table 2 and explained as
follows:

∙ Case 1: Constant shaking cases were considered to utilise the
results ofMSA on a full 3Dmodel of the building and compare
it with the results of IDA on an equivalent SDOF oscillator.
For this purpose, a constant shaking case was employed, with
all structures subjected to Saavg(T)= 0.268 g. This hypothetical
case assumes that all buildings were located on the exact same
site, allowing the IM value to be constant for each building but
also isolating the effects of damage correlation from spatial
correlation. The selected intensity corresponds to one of the
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TABLE 2 Description of the considered shaking cases for damage estimation of the case study region.

Case IM value Damage state Subcase
Spatial

correlation, 𝝆𝒔𝒑
Damage correlation,

𝝆𝒅𝒎

1 Constant, with Saavg(T)
equal to 0.268 g

DS1: PSD larger
than 1.0% (light

damage)

1.1 — Not considered
1.2 — Considered, from MSA
1.3 — Considered, from IDA

2 Constant, with Saavg(T)
equal to 0.746g

DS2: PSD larger
than 8.0%
(collapse)

2.1 — Not Considered
2.2 — Considered, from MSA
2.3 — Considered, from IDA

3 Calculated based on an
earthquake rupture

scenario

DS1: PSD larger
than 1.0% (light

damage)

3.1 Not considered Not Considered
3.2 Considered Not Considered
3.3 Not considered Considered, from IDA
3.4 Considered Considered, from IDA

Abbreviations: IDA, incremental dynamic analyses; MSA, multiple stripe analysis; PSD, peak storey drift.

intensity levels for which records were selected to perform
MSA, for which the same records with the same scale factors
were also used for IDA. DS1 was considered for this case.
Different cases of structure-to-structure damage correlation,
𝜌dm, were also used from both the MSA- and IDA-based
approaches.

∙ Case 2: Like Case 1, a second hypothetical shaking case was
analysed, using one of the highest intensities from the selected
records for MSA, with Saavg(T) = 0.746 g, and the collapse DS2
was considered. Despite being a rather high intensity, it served
to investigate the impact that potential bias due to excessive
scaling of the records might have on the estimation of the
damage correlation when using IDA.

∙ Case 3: Lastly, a single earthquake rupture scenario was
considered to observe the impacts using a more realistic
seismic shaking situation and make relative comparisons of
the impacts of damage correlation with respect to realistic
values of spatial correlation when estimating the number
of damaged buildings. DS1 was considered again for this
scenario.

For Cases 1 and 2, 100,000 trials of Monte Carlo simulation were
performed, whereas 5000 were considered for Case 3.

4.1 Case 1: Light Damage at a Constant Shaking
of Saavg(T) = 0.268 g

Here, the total number of damaged buildings was estimated using
Monte Carlo simulation, accounting for the damage correlation
matrix calculated based on the results from the full 3D model.
Thesewere compared to the estimation obtained using equivalent
SDOF oscillators. The shaking intensity was 0.268 g for all
buildings, meaning the records used for calculating the damage
correlation matrix with both MSA and IDA were identical. As
such, differences in the results can only arise from the analysis
method (i.e., equivalent SDOF oscillators). The mean, median
and standard deviation from all realisations are presented in
Table 3. Although the mean number of damaged buildings is

TABLE 3 Statistics on the total number of damaged buildings inDS1
for cases considered in Case 1.

Statistic
Case 1.1: No
correlation

Case 1.2:
Correlation
fromMSA

Case 1.3:
Correlation
from IDA

Mean 35.1 35.0 35.0
Median 35.0 36.0 38.0
Standard
deviation

3.7 15.0 20.4

Abbreviations: IDA, incremental dynamic analyses; MSA, multiple stripe
analysis.

similar across all three cases (approximately 35 buildings), the
median varies slightly. The most notable difference is seen in
the standard deviation, which increases from 3.7 for Case 1.1 to
20.4 for Case 1.3, affecting the overall shape of the probability
distribution, as observed in Figure 6.

This illustrates that considering structure-to-structure damage
correlation doesn’t impact the estimatedmean ormedian number
of damaged buildings, but rather the tails of the distribution
through the standard deviation. This increases the probabilities
of observing a large number of damaged buildings in a given
shaking scenario, which, in the context of regional seismic risk
assessment, might be a very pertinent decision variable for the
local authorities. To explore how the probabilities of observing
a large number of damaged buildings (i.e., a number above
the mean value) differ in each case, Figure 7 illustrates this
exceedance plot, and Table 4 tabulates it for several thresholds.
Considerable differences can be observed between the results
obtained by neglecting the structure-to-structure damage cor-
relation and those calculated using either of the two methods
employed. For example, the probability of having more than 45
damaged buildings is 39.8% for Case 1.3 and 29.2% for Case 1.2,
but only 0.2% for Case 1.1 that ignored any damage correlation.
This highlights its importance when evaluating highly impacting
scenarios of large numbers of damaged buildings in a region.
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FIGURE 6 Histograms of the total number of damaged buildings evaluated for Case 1.1 (left), Case 1.2 (centre) and Case 1.3 (right), as well as the
estimated statistics.

FIGURE 7 Illustration of the probability of exceeding a given
number of damaged buildings in DS1 for cases considered in Case 1.

TABLE 4 Example scenarios of exceedance probabilities for a given
number of damaged buildings in DS1 for Case 1.

Number of
damaged
buildings

Case 1.1: No
correlation

Case 1.2:
Correlation
fromMSA

Case 1.3:
Correlation
from IDA

30 89.0% 61.6% 60.2%
35 45.5% 51.1% 54.0%
40 7.0% 40.0% 47.2%
45 0.2% 29.2% 39.8%

Abbreviations: IDA, incremental dynamic analyses; MSA, multiple stripe
analysis.

When comparing the results from Case 1.2 and Case 1.3, which
evaluate the comparison of MSA- and IDA-based estimates, the
difference increases as the number of damaged buildings rises
until the curves saturate due to the fact that it approached
the maximum number of buildings in the portfolio, which was
previously noted as 62. This illustrates how using equivalent
SDOF oscillators to calculate the structure-to-structure damage
correlation results in a slight overestimation of the correla-
tion and subsequently the total number of damaged buildings.
However, it still offers a more accurate estimate compared to
completely ignoring this correlation, as in Case 1.1, as is usually
done due to the lack of direct estimation methods.

To evaluate the influence of different structural characteristics on
the damage correlation estimated from the results ofMSA, a data-
driven analysis was conducted using a random forest regression
model. For each building pair, the absolute difference in their

FIGURE 8 Feature importance from the random forest regression
model trained on the absolute differences in structural characteristics
between building pairs for correlation estimated with MSA for Case 1.
MSA, multiple stripe analysis.

structural features was computed and used as input to predict
the value of the correlation. The variables considered for the
analysis were the geometric mean of the fundamental period in
both directions, T1,gm; planar aspect ratio, L/B; the soft storey
ratio of first storey, H1/H2 (calculated as the height of the first
storey over the height of the rest of the storeys); the characteristic
compressive strength of concrete, fck; the yield strength of the
reinforcement, fsyk; the lateral load coefficient, β; and the level
of the design code (LDC). The trained model provided feature
importance scores, which quantify the relative contribution
of each characteristic to explaining variability in structure-to-
structure damage correlation. The characteristics with the higher
feature importance are those that strongly influence the value
of the damage correlation. The obtained results are presented in
Figure 8.

It can be noted that the variable with the highest contribution
is the absolute difference between the geometric means of the
fundamental periods of the structures, followed by the difference
in the planar aspect ratios and the soft storey ratio. On the other
hand, there is very little contribution from the absolute difference
between the value of β and the design code level. This is probably
since the observed values of β are always relatively low, indicating
that, in most cases, the design of the elements was controlled by
vertical loads. Regarding the design code level, it has been shown
that there tends to be not a significant difference in the response
of CDM structures when compared to the ones of CDL structures
for values of β below 0.10 [48], which explains the low impact
of the difference in design code. It should be expected, however,
that in cases with a more significant variability in the values of β

12 of 18 Earthquake Engineering & Structural Dynamics, 2025
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TABLE 5 Statistics on the total number of damaged buildings in
DS2 for cases considered in Case 2.

Statistic
Case 2.1: No
correlation

Case 2.2:
Correlation
fromMSA

Case 2.3:
Correlation
from IDA

Mean 27.9 27.8 27.8
Median 28.0 28.0 28.0
Standard
deviation

3.5 12.9 19.6

Abbreviations: IDA, incremental dynamic analyses; MSA, multiple stripe
analysis.

FIGURE 9 Illustration of the probability of exceeding a given
number of damaged buildings in DS1 for cases considered in Case 2.

and including CDH structures, these two variables would have a
higher impact.

4.2 Case 2: Collapse at a Constant Value of
Saavg(T) = 0.746 g

This second case was like Case 1 but instead analysed a higher DS
of collapse. A stronger level of uniform shaking was considered
with Saavg(T) = 0.746 g. This case was investigated, as it would
also reveal potential biases in damage estimation arising from
the excessive scaling of records associated with the IDA-based
calculation of structure-to-structure damage correlation, which
necessitated significant scaling factors as high as 34.5. The total
number of damaged buildings obtained from the IDA-based
equivalent SDOFs were again compared to those estimated using
MSA on full 3D models. The mean, median and standard devia-
tion from all realisations are presented in Table 5. As with Case
1, the mean number of damaged buildings is consistent across all
cases, approximately 27.8 buildings, and there is no variation in
the median (28 buildings). However, significant differences are
observed in the standard deviations, which increase from 3.5 in
Case 2.1 to 12.9 in Case 2.2 and 19.6 in Case 2.3, again highlighting
the impact of correlations on damage estimation.

Again, the impact of correlation on the probability of exceeding
a certain number of damaged buildings is shown in Figure 9 and
tabulated for different scenarios in Table 6, where there is a sig-
nificant difference in the results of considering and neglecting the
structure-to-structure correlation. When comparing the results
in Figure 9 with those in Figure 7, it can be observed that the

TABLE 6 Example scenarios of exceedance probabilities for a given
number of damaged buildings in DS2 for Case 2.

Number of
damaged
buildings

Case 2.1: No
correlation

Case 2.2:
Correlation
fromMSA

Case 2.3:
Correlation
from IDA

25 89.0% 56.4% 53.7%
30 22.5% 43.4% 47.0%
35 1.4% 30.6% 38.8%
40 0.01% 19.1% 31.1%

FIGURE 10 Feature importance from the random forest regression
model trained on the absolute differences in structural characteristics
between building pairs for correlation estimated with MSA for Case 2.
MSA, multiple stripe analysis.

difference between the cases that use MSA and the cases that
use IDA on equivalent SDOF is more pronounced in this case.
For example, when looking at the example scenario of exceeding
more than 40 damaged buildings, as presented in Table 6, a
significant difference is observed. The results obtained for Case
2.3 (31.1%) are notably higher than those for Case 2.2 (19.1%).
It is still, however, a better approximation to the result than
completely neglecting the correlation, for which the probability
of exceeding a total number of 40 damaged buildings is nearly
negligible (<0.01%).

As for Case 1, the influence of the absolute difference between
different parameters of the buildings was estimated using a
random forest regression model, and the results for Case 2 are
presented in Figure 10. Here, the considered DS is collapse,
and there is a lesser importance from the differences in the
fundamental periods of vibration when compared to the results
of Case 1, which is a reasonable result considering that at this DS
the structure is expected to be further in the non-linear range. On
the other hand, the higher importance of the planar aspect ratio
could be related to having a direction significantly weaker than
the other, as well as a greater contribution of torsional effects.
Once again there is not significant importance of differences in
the design code level and the value of β, as could be expected.
Again, it is important to consider that these results are specific for
the buildings considered in this case study and do not represent
the importance of these variables in portfolios with different
characteristics, which will be the focus of future studies with
wider variability.
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4.3 Case 3: Earthquake Rupture Scenario

Building upon the earlier uniform ground shaking cases to
compare the MSA- and IDA-based methods and investigate a
simple case to illustrate the basic impacts of correlations, this
scenario introduces an earthquake rupture context to explore
how structure-to-structure damage correlation impacts damage
estimates in a more realistic context. Here, the structure-to-
structure damage correlation was estimated based only on the
results of IDA on the equivalent SDOF oscillators since the
ground motion intensity experienced at each building location
was no longer constant and varied spatially, meaning that MSA
was no longer feasible (i.e., imn ≠ imm; see Figures 2 and 3).
A damage state DS1 was considered for the analysis, as defined
previously. The Saavg(T) at the respective location of each building
was computed for several trials of an assumed earthquake rupture
scenario. The shaking was modelled using a suitable GMM and
spatial correlation model described below, and after performing
Monte Carlo simulations, the probability distribution of the
number of damaged buildings was computed as presented in
Table 2.

The earthquake rupture scenario was identified from the dom-
inant contributor observed in disaggregation analysis following
PSHA (Section 3.3). This was found to be of magnitudeMw = 6.25
at a distance of 5 km from the mean building coordinates. The
rupture location was thus determined by identifying the closest
fault at this distance, resulting in coordinates latitude: 14.3965
and longitude: 41.3958 being selected. The intensity of shaking
at each building location was sampled using the GMM proposed
by Boore et al. [68]. Here, however, special considerations were
made, since the IM adopted for the fragility analysis (Section
3.4) was average spectral acceleration, Saavg(T), and not Sa(T)
estimated by the GMM. To overcome this, the mean and standard
deviation of the expected shaking for a given rupture rup was
estimated indirectly in terms of Saavg(T) from the Sa(T) estimated
by the GMM following the approach proposed by Kohrangi et al.
[42] as follows:

𝜇ln𝑆𝑎𝑎𝑣𝑔(𝑇)|𝑟𝑢𝑝 = 1

𝑁

𝑁∑
𝑖=1

𝜇ln 𝑆𝑎(𝑇𝑖 )|𝑟𝑢𝑝 (11)

𝜎2
ln 𝑆𝑎𝑎𝑣𝑔(𝑇)|𝑟𝑢𝑝 = 1

𝑁2

𝑁∑
𝑖=1

𝑁∑
𝑗=1

𝜌ln 𝑆𝑎(𝑇𝑖 ),ln 𝑆𝑎(𝑇𝑗)𝜎ln 𝑆𝑎(𝑇𝑖 )|𝑟𝑢𝑝𝜎ln 𝑆𝑎(𝑇𝑗)|𝑟𝑢𝑝

(12)

where 𝜇ln𝑆𝑎(𝑇𝑖 )|𝑟𝑢𝑝 and 𝜎
2
ln 𝑆𝑎(𝑇𝑖 )|𝑟𝑢𝑝 are the mean and variance of

Sa(T) at a period Ti computed from the GMM, N is the number
of periods used to define Saavg(T), and 𝜌ln 𝑆𝑎(𝑇𝑖 ),ln 𝑆𝑎(𝑇𝑗) is the
correlation between periods Ti and Tj computed using the model
of Baker and Jayaram [75].

While this approach computes the distribution of shaking in
terms of the IM at any given building site location, the spatial
correlation between each location’s simulated value must also
be considered. In the case of Sa(T), this may be considered with
spatial correlation models, such as that proposed by Jayaram and
Baker [11]. In this study, however, this spatial correlation must
be estimated in terms of the IM used in the analysis, Saavg(T), so
the indirect approach proposed by Heresi and Miranda [44] was
adopted. It states that the spatial correlation between two sitesm

TABLE 7 Statistics on the total number of damaged buildings for
cases considered in the earthquake rupture scenario.

Statistic Case 3.1 Case 3.2 Case 3.3 Case 3.4

Mean 30.5 30.4 30.7 30.4
Median 30.0 31.0 31.0 30.0
Standard
deviation

9.5 20.0 13.1 22.8

and n in terms of Saavg(T) can be estimated for a given rupture rup
(whose subscript is dropped herein for brevity) as:

𝜌𝑠𝑝 (𝑚, 𝑛) =

1

𝑁2

∑𝑁

𝑖=1
∑𝑁

𝑗=1 𝜌ln 𝑆𝑎(𝑇𝑖 )𝑚,ln 𝑆𝑎(𝑇𝑗)𝑛
𝜎ln 𝑆𝑎(𝑇𝑖 )𝑚𝜎ln 𝑆𝑎(𝑇𝑗)𝑛

𝜎ln 𝑆𝑎𝑎𝑣𝑔(𝑇)𝑚𝜎ln 𝑆𝑎𝑎𝑣𝑔(𝑇)𝑛
(13)

where 𝜎ln 𝑆𝑎(𝑇𝑖 )𝑚 is the standard deviation of Sa(T) at a period
Ti, computed from the GMM for site location m, and 𝜎ln 𝑆𝑎𝑎𝑣𝑔(𝑇)𝑚
is the corresponding standard deviation of Saavg(T), computed
indirectly as previously described. The value of 𝜌ln 𝑆𝑎(𝑇𝑖 )𝑚,ln 𝑆𝑎(𝑇𝑗)𝑛
represents the spatial correlation between the spectral ordinates
at two periods, i and j, experienced at two different sites,m and n,
which was calculated with the Markov model evaluated by Loth
and Baker [76]:

𝜌ln 𝑆𝑎(𝑇𝑖 )𝑚,ln 𝑆𝑎(𝑇𝑗)𝑛

= 𝜌ln 𝑆𝑎(𝑇𝑖 ),ln 𝑆𝑎(𝑇𝑗) 𝜌ln 𝑆𝑎(𝑇𝑖 )𝑚,ln 𝑆𝑎(𝑇𝑖 )𝑛 with 𝑇𝑖 > 𝑇𝑗 (14)

where 𝜌ln 𝑆𝑎(𝑇𝑖 )𝑚,ln 𝑆𝑎(𝑇𝑖 )𝑛 is the spatial correlation between two
different sites for the same period, and was estimated from Baker
and Jayaram [75].

With this means to estimate groundmotion shaking distributions
in terms of Saavg(T), Monte Carlo simulationwas used to simulate
several trials of the assumed earthquake rupture scenario, as
also performed in a recent study by Nafeh and O’Reilly [69].
To illustrate its relative importance in the damage assessment,
simulations with and without the spatial correlation were con-
sidered. Performing 5000 trials of ground motion shaking, it was
found that the estimated mean and median numbers of damaged
buildings showed no significant variation, as summarised in
Table 7. However, the standard deviation exhibited substantial
differences, influencing the distribution tails and the likelihood
of exceeding a specific number of damaged buildings other than
themean, consistently with what was found from Scenarios 1 and
2, and as depicted in Figure 11. The findings demonstrate that
very different results are obtained when considering only spatial
and/or damage correlation, with varying degrees of impact.

What is clear from the plot is that the spatial correlation alone
(Case 3.2), when compared to the case where no correlation was
considered (Case 3.1), was the most significant impacting factor.
When the damage correlation was also considered (Cases 3.3 and
3.4), the curves increased notably but not to the same extent as
the number of damaged buildings quickly saturates to the total
number of buildings considered within the case study. However,
it is important to note that these results are case-specific, where
spatial correlation has a strong influence due to the proximity of
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FIGURE 11 Illustration of the probability of exceeding a given
number of damaged buildings for the considered earthquake rupture
scenario.

TABLE 8 Example scenarios of exceedance probabilities for a given
number of damaged buildings for the considered earthquake rupture
scenario.

Number of
buildings Case 3.1 Case 3.2 Case 3.3 Case 3.4

40 16% 38% 25% 40%
45 6% 31% 15% 36%
50 1% 23% 7% 31%

the studied buildings and is likely the reason for the observed
high relative importance of spatial correlation. Scenarios where
buildings are more spatially distant could be explored, and the
effects of spatial correlationmay be less pronounced, and damage
correlation could have an even greater impact.

To provide a clearer comparison, Table 8 outlines the probability
of exceeding different numbers of damaged buildings across
cases, focusing on the range between 40 and 50 buildings, and
again the differences are significant. Given that the use of spatial
correlation is widely adopted for this type of analysis, Case
3.2 is used as the reference. For instance, focusing on Case
3.4, which considers both spatial and damage correlation, the
probability of more than 50 damaged buildings increases from
23% to 31%. It is important to note, however, that the curves for
this case presented on Figure 11 both converge rapidly to the total
number of buildings in the region (62), meaning that the spatial
component is likely dominating, as mentioned previously.

To better understand the real-world implications of this dif-
ference, consider a hypothetical scenario in which the local
government plans strategies to finance the reconstruction of
the three municipalities analysed in this study in the event of
an earthquake. Assuming the earthquake scenario presented
here is viewed as a ‘worst-case scenario,’ the government might
decide to secure funds to repair the number of buildings with
a 20% probability of being damaged by such an event. If the
analyst ignored all correlations, they would expect to repair
around 38 buildings, and considering just spatial correlation in
the risk assessment, this number would increase to 52 buildings.
However, if structure-to-structure damage correlation were also
considered, as done in this study, the government would need
to finance the repair of 57 buildings. Obviously, these numbers
are case study specific, and further work could be conducted

to examine the impacts in other regions, but the fundamental
issue is clear. Additionally, this study only considers situations
of residential buildings whose functionality is assumed inde-
pendent. Analysing structure-to-structure damage correlation in
structures such as bridge networks and other lifelines could be
muchmore detrimental froma post-earthquake functionality and
indirect loss perspective, although this is beyond the scope of this
present study.

5 Summary and Conclusions

This study presented an analytical method to estimate the
structure-to-structure damage correlation, based on the assump-
tion that obtaining earthquake induced damage can be modelled
as a Bernoulli trial. Themethod relies on the results of non-linear
time-history analyses to estimate the joint probability of damage
in pairs of buildings. Two approaches were used: one based on
the results of MSA on full 3D models of the buildings with
hazard-consistent ground motions, which leads to more accurate
characterisation of response but is limited to unrealistic constant
shaking cases; and the second based on the results of IDA
on equivalent SDOF oscillators, which is computationally more
efficient but might yield less accurate results due to the inherent
limitations and simplified assumptions of the approach. A case
study was conducted on the Caserta Province, Italy, to examine
the impact of incorporating structure-to-structure correlation on
regional damage estimations and to compare the results obtained
by the two approaches, particularly with reference to the well-
known spatial correlation also considered in regional assessments
of this type. Based on this, the following conclusions can be
drawn:

∙ Incorporating structure-to-structure damage correlation sig-
nificantly influences damage estimations in regional risk
assessments. While it does not affect considerably the mean
or median damage estimates, it heavily impacts the standard
deviation, altering the likelihood of exceeding a large number
of damaged buildings.

∙ Using IDA on SDOF oscillators tends to overestimate the
total number of damaged buildings compared to the results of
usingMSA on full 3Dmodels. However, it still performs better
than ignoring the correlation entirely. Further research could
explore using IDA on full 3D models to improve the accuracy
of correlation estimates.

∙ The current application of themethod presented here requires
having non-linear models of all the buildings in the studied
region, which is information that is generally not available on
regional assessments and is not easy to obtain. In addition to
that, the computational demand of the methodology poses a
significant limitation in using it at a large scale. Future work
will focus on integrating this study’s findings with the more
conventional approach of utilising taxonomy-based fragility
functions to ease the computational burden encountered
here and further align it with these more widely adopted
approaches. Nevertheless, it provides motivation and a foun-
dation for developing mathematical models that estimate
correlation directly from certain building characteristics. In
order to do that, future studies should focus on assessing the
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sufficiency and efficiency of the results and, where possible,
validate them against empirical data.

∙ Incorporating damage correlation allows for more compre-
hensive scenario-based regional seismic risk assessment,
allowing for better planning for seismic mitigation strategies
and allocation of funds. In the Caserta Province case study,
for instance, including both damage and spatial correlation
resulted in a 21.3% increase in estimated buildings to repair,
highlighting the importance of accounting for this variable.

Overall, this study presents an advance in modelling for regional
seismic risk assessment, demonstrating through a case study
the impacts of incorporating structure-to-structure damage cor-
relation on the estimations. Additionally, the method used for
estimating the correlation provides a foundation for future devel-
opments to account for this variable in a more applicable and
efficient way.
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