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Abstract:
Dealing with the seismic risk assessment of infrastructure systems needs a seismic

hazard assessment that incorporates the spatial correlation and cross-correlation of earth-
quake intensity measures. Several spatial correlation models have been proposed by re-
searchers, but the majority of existing models are based on the hypothesis of isotropy.
Recent investigations have shown that the assumption of isotropy is not generally valid.
However, it is necessary to investigate the significance of the inclusion of anisotropy in
seismic risk assessment of infrastructure systems. This study’s major goal is to use three
different spatial correlation models to address this problem. The results of the current
study reveal that the ignorance of anisotropy causes unrealistic loss estimation. Specifi-
cally, it is shown that the isotropic models overestimate the rare loss values (e.g.,up to 30
percent for 2475 years return period) but underestimate the frequent loss values.
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1 Introduction
Infrastructure systems are of the key elements of modern cities that play an important
role in city life. Any disruption in the functionality of these systems causes significant
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human and economic losses. For this reason, risk assessment of the infrastructure systems
is one of the major subjects that engaged the stakeholders and managers at the city or
country levels. Earthquake events, on the other hand, are one of the natural hazards
that threaten human assets on a large scale. The issue becomes more critical when the
assets are distributed to a geographical extent. Previous studies have shown that spatial
correlations should be taken into account when estimating earthquake intensity measures
(IMs) for the objective of risk assessment of spatially distributed assets. Several studies
have proposed various spatial correlation models to address this issue. A comprehensive
review of the models published until 2019 can be found in Abbasnejadfard et al. (2020).

Most of the existing spatial correlation models are based on the hypothesis of isotropy,
the study of Garakaninezhad and Bastami (2017) and Abbasnejadfard et al. (2021)
revealed that the isotropy of spatial correlations of earthquake IMs is not generally a valid
hypothesis. Accordingly, using the latent dimensions method (LD), Abbasnejadfard et al.
(2020) developed a novel spatial correlation model for multiple earthquake IMs. However,
the question is that how significant anisotropy concerns are for the spatial correlation of
earthquake IMs. The main goal of the current study is to answer this question by utilizing
a variety of spatial correlation models and exposure model ofătransportation network.

2 Spatial Correlation of Earthquake Intensity Mea-
sure

Earthquake IMs are estimated using ground motion models (GMMs)ăasăstatistical tools
that take general form of:

ln(Yij) = ln(Yij) + δij, (2.1)

where Yij is the estimated IM at point i given earthquake event j, Yij is the median
value of IM that is determined by ground motion prediction equation (GMPE) and δij

is the residual term of the model that represents the stochastic variability of IM. The
residual term of equation (2.1) can be represented as δij = ηj + εij, where ηj is known as
inter-event and εij is known as intra-event residual terms. The inter-event residual term
represents event-to-event stochastic variability of IM that can be considered a normal
random variable with zero mean and standard deviation of τ . On the other hand, the intra-
event residual term represents the point-to-point stochastic variability of IM. Different
methods can be addressed in order to estimate the values of a random field at spatially
distributed locations Cressie (1993) among them, the Cholesky decomposition method
is one of the most used approaches in seismology and earthquake engineering (Jayaram
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, 2010; Weatherill et al. , 2015). By using this method, the vector of random field
values (Zn×1) at n spatially distributed locations can be modeled as: Z = µ + Lξ, where
µ = {µ(s1), · · · , µ(sn)}′ is the vector of mean values of the random field at spatially
distributed locations s1, · · · , sn; ξ = {ξ(s1), · · · , ξ(sn)}′ is an n-dimensional vector of
uncorrelated random numbers with standard normal distribution, and L is an n×n lower
triangular matrix that is obtained from Cholesky decomposition of covariance matrix
Σ of the interested random field as: Σ = LLT . In order to be used in the context
of the Cholesky decomposition method, the covariance matrix Σ must be non-negative
definite. Several researchers have proposed different cross-correlation models in order to
generate a valid non-negative definite covariance matrix of multiple intra-event residuals
of earthquake events. One of the common approaches in this respect is the linear model
of coregionalization (LMC) method (Loth and Baker (2013); Wang and Du (2013);
Garakaninezhad and Bastami (2019)). This method employs a linear combination of
the covariance matrices of r univariate random fields to define the covariance matrix of a
multivariate random field. The LMC method have been used by Wang and Du (2013)
and Loth and Baker (2013), but the mentioned models are different in several aspects.
1-The correlation range of the short-range basic function of the LMC method is considered
10 km in the model of Wang and Du (2013), which is less than the 20 km considered
in Loth and Baker (2013). 2- Wang and Du (2013) concluded that the nugget effect is
not significant in the correlation function of the intra-event residuals of earthquake IMs,
and consequently, the nugget effect is not included in the proposed model, but the model
of Loth and Baker (2013) consists of the nugget effect term. 3- The main difference
between the mentioned models is that the model of Loth and Baker (2013) considers
the effects of regional site conditions when defining the coregionalization matrices. As a
result, the coregionalization matrices P1 and P2 are defined as functions of correlation
range of Vs30 (RVs30). This is in contrast to the model of Loth and Baker (2013) , which
ignores local soil type conditions and suggests the same covariance function matrices for
different sites with different correlation ranges. The previously mentioned multivariate
covariance (correlation) models are generated based on the isotropy assumption of spatial
correlations of earthquake IMs. Abbasnejadfard et al. (2020) proposed a predictive model
based on the latent dimensions (LD) method for defining the covariance matrix of the
multivariate random field of intra-event residuals of multiple earthquake IMs accounting
for spatial anisotropy. The study of Abbasnejadfard et al. (2020) by using the LD method,
the multivariate random field, which is originally defined in a 2-dimensional space, is
considered as a univariate random field with an added latent dimension (3-dimensional
space). In this regard, the cross-covariance function of two components of multivariate
random field α and β (Cαβ(s1, s2) : s1, s2 ∈ R2 ) is considered as C ((s1, ξα), (s2, ξβ)),
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which is the covariance function of a univariate random field that is defined in R2+1

space. Using this conversion, the existing valid covariance functions that are defined for
anisotropic univariate random fields could be implemented to generate a non-negative
definite covariance matrix.

3 Description of Investigation Method

The seismic source in the current investigation is a rupture surface with the geometric
parameters shown in Table 1. Figure 1 depicts the fault line as the projection of the shal-
lowest part of the seismic source on the ground surface. The border in Figure 1, presents
the Study Area encompasses a geographic bounds where the assumed transportation net-
work is located. The activity of the seismic source is characterized using the bounded
GutenbergRichter recurrence law with mmin = 5.5, mmax = 8 , λmmin

= 0.1, b = 0.52.
The current study employs four different spatial correlation and cross-correlations models
of earthquake IMs as: 1. Uncorrelated model, 2. The spatial correlation model proposed
by Abbasnejadfard et al. (2020) based on the latent dimensions method (LD), 3. The
spatial correlation model proposed by Loth and Baker (2013) based on the linear model
of coregionalization method (LMC-LB), 4. The spatial correlation model proposed by
Wang and Du (2013) based on the linear model of coregionalization method (LMC-WD).

All of the correlation models (items no. 2-4) can consider the cross-correlations of
multiple SAs for different periods. Moreover, the models of Abbasnejadfard et al. (2020)
and Wang and Du (2013) are capable of considering the regional site conditions in terms
of spatial correlations of Vs30 values. Also, among the utilized spatial correlation methods,
only the LD method can include the anisotropy of spatial correlations in its estimations
of GMF.

Table 1: Geometric parameters of the seismic source

Parameter Name Parameter Value Unite
Strike Azimuth 90 Degree
Dip Angle 60 Degree
Length 40 km
Width 10 km
Shallowest Depth (X,Y,Z) = (-5,3,3) km

Three different random fields of soil type (S0, S1, and S2) are generated to take into
account the effects of regional site conditions. The simulation of soil type random fields is
based on estimating the average shear wave velocity of the 30-meter depth portfolio of soil
(Vs30) in spatially distributed locations. The random field of Vs30 value for all simulated
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Figure 1: Schematic view of the seismic source and study area

scenarios of soil types has an average value of 500 m/s and a standard deviation of 120 m/s.
The main difference between the soil type scenarios is their spatial correlation ranges, so
that scenario S1 has the widest spatial correlation range among other scenarios, S2 has
the smallest range than the other scenarios, and the correlation range of scenario S0 is
between the correlation range of scenarios S1 and S2. The schematic view of the generated
soil types are presented in Figure 2. The transportation network of Figure 3 comprised of

(a) (b) (c)

Figure 2: Schematic view of different soil type scenarios in the study area with different correlation
ranges: (a) scenario S0, (b) scenario S1, (c) scenario S2.

26 bridges and their linking highways is considered. Moreover, the four spatial correlation
models introduced in previous sections in conjugate with three regional site condition
scenarios of S0, S1, and S2 are employed. Although, the main findings of the current
research work do not depend on the assumed bridges typologies, the bridges are classified
into two vulnerability groups as depicted in 3.

4 Results
The loss assessment of the introduced transportation network is conducted based on direct
physical damage of bridge elements. Figure 4 presents the direct loss curves obtained based
on the four different spatial correlation models considering the S0 soil type scenario. In
this figure, the loss ratio is normalized to the total asset value. According to this figure,
the LMC-WD model offers more loss ratios than those calculated by other models for rare
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Figure 3: Spatial extend of the considered transportation network

events. Also, the loss ratio with high return periods calculated by the Uncorrelated model
is less than the loss ratio calculated by other models. On the other hand, the LD model
offers loss ratios between those proposed by the LMC-LB and Uncorrelated models.

The assumed transportation network is also evaluated under considerations of soil
type scenarios S1 and S2 to examine the effects of various regional site conditions on the
results of seismic loss assessment of infrastructure systems considering anisotropy of spa-
tial correlation of earthquake IMs. Figure 4 depicts the loss curve of the transportation
network, taking into account the S1 and S2 regional site condition scenarios, respectively.
It should be noted in this section that by changing the soil type scenarios, considerable
changes in the absolute Vs30 value of the bridge locations may occur, resulting in a sub-
stantial change in the amount of earthquake IMs and, consequently, a considerable change
in the amount of the loss values. For this reason, we do not compare the absolute loss
ratios obtained from different soil type scenarios, but in this section, we are interested in
relative loss ratios from different spatial correlation models in a single soil type model.

(a) (b) (c)

Figure 4: Loss curves of transportation network considering soil type (a) S0, (b) S1 and (c) S2

By comparing the results presented in Figure 4, it can be inferred that the infrequent
loss values obtained from the LD model are always less than those obtained from the
LMC-WD model. This is due to the fact that the LMC-WD model does not incorporate
the anisotropy of spatial correlations and considers the identical correlation ranges in
different directions, while the correlation ranges considered by the LD model are different
for various directions. As a result, the correlation range in specific directions is smaller
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than that considered by the isotropic model, while it is greater in other directions. This
difference causes an overall reduction in the calculated loss values for events with a low
frequency of occurrence. Findings in Figure 4 also indicate that the LD method always
offers more loss values than the Uncorrelated method (for infrequent events) and that
the smaller the correlation range of soil type, the closer result of the LD method to the
Uncorrelated method. On the other hand, the wider the correlation range of soil type,
the closer the LD method result to the LMC-LB method results.

5 Conclusion and Discussion

The Abbasnejadfard et al. (2020) spatial correlation model is utilized to provide anisotropic
spatial correlations and the cross-correlation of IMs using the latent dimension (LD)
method. Besides, the spatial correlation models of Loth and Baker (2013) (LMC-LB),
Wang and Du (2013) (LMC-WD), and GMFs obtained based on the Uncorrelated model
are employed. A transportation network composed of bridges and their linking highways
in an urban area is of interest to the current study. The low frequent loss values ob-
tained from the Uncorrelated model are generally less than the low frequent loss values
of spatially correlated models (e.g, the difference may range between 0 to 28 percent for
2475 years return period for different soil type conditions). On the other hand, the low
frequent loss values of the LD model are generally less than the low frequent loss values
of the LMC-WD model (e.g, the difference may reach up to 33 percent for 2475 years
return period for different soil type conditions). This is due to the fact that the LD model
is capable of considering the anisotropy of spatial correlations of earthquake IMs, and
consequently, it can incorporate the low and high correlation ranges in different direc-
tions simultaneously. While the LMC-WD model deals with the risk assessment from the
isotropic point of view and does not consider the variable correlation ranges in different
directions. In this regard, it can be anticipated that by reducing the anisotropy ratio (the
ratio of highest to lowest correlation ranges), the results of the LMC-WD become closer
to the result of the LD. By comparing the results of the LD and LMC-LB models, it can
be concluded that the low frequent loss values of the LD model are generally less than
that of the LMC-LB. Also, as the correlation range of soil type is increased, the LMC-LB
results become closer to the LD results. Among the investigated models, the LD model
could be considered as the more reliable approach of considering the spatial correlation
of earthquake IMs. This conclusion is due to the fact that the LD method is capable of
considering spatial correlation and cross-correlation, anisotropy and local site conditions.
On the other hand, the LMC-WD model generally overestimates the low frequent loss
and resilience values. The results of the LMC-LB model, however, are close to the re-
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sults of the LD model in the cases which the spatial correlation range of soil condition
is significant, but it also provides overestimated values in the cases of heterogeneous soil
condition where the spatial correlation range of the Vs30 is not substantial.
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