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ABSTRACT 
 

Infrastructure network resilience to major hazards, such as earthquakes, is a critical attribute that 

impacts the magnitude and extent of direct and indirect losses as well as post-disaster recovery. 

However, network resilience estimation is a nontrivial issue due to the uncertainty of hazards and 

the complexity of the response of large networks to perturbation. This research details a 

methodology to evaluate the resilience of networks subjected to seismic hazards by combining 

the most recent hazard and risk estimation techniques. This paper focuses on the ground motion 

intensity simulation aspect of the research, which utilizes current rupture forecasts and ground 

motion prediction equations in conjunction with a ground motion spatial correlation model. 

Recent research reports that ground motion estimation using solely median values without 

consideration of spatially correlated residuals may be inadequate in characterizing seismic events 

within a region; thus, this research rigorously pursues accurate spatial correlation representation 

through the proposed ground motion model. This model is used to generate realistic ground 

motion intensity maps considering a wide range of earthquake scenarios to supplement existing 

maps in the San Francisco area to enhance the rigor and merit of subsequent network reliability 

analysis. This research lays the groundwork for future assessments of critical infrastructure 

networks, which aims to provide insight regarding efficient retrofit of networks to improve their 

resilience to seismic hazards and expedite post-disaster recovery. 
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region; thus, this research rigorously pursues accurate spatial correlation representation through 

the proposed ground motion model. This model is used to generate realistic ground motion 

intensity maps considering a wide range of earthquake scenarios to supplement existing maps in 

the San Francisco area to enhance the rigor and merit of subsequent network reliability analysis. 

This research lays the groundwork for future assessments of critical infrastructure networks, which 

aims to provide insight regarding efficient retrofit of networks to improve their resilience to 

seismic hazards and expedite post-disaster recovery. 

 

 

Introduction 

 

Infrastructure network resilience and reliability are crucial in mitigating both physical and 

economic damage and expediting recovery from major disasters, such as hurricanes, terrorist 

attacks, and earthquakes. Not only would a resilient network minimize damage and hasten the 

restoration of its components, but also facilitate the recovery of other infrastructure networks. 

Dueñas-Osorio and Kwasinski [1] report significant operational interdependencies between 

networks from analyzing post earthquake restoration curves. Network resilience and swift 

recovery helps mitigate indirect losses in the commercial sector due to business interruption. 

Resilient water delivery and electrical power networks help minimize the financial losses that 

would accrue daily due to facility shutdown. Business activities such as the production and 

transport of goods may resume sooner with a reliable transportation network. Furthermore, post 
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disaster network operability may be crucial in maintaining safety and health of the community 

after the primary event. Engineers must be able to access structures to evaluate their safety and 

integrity, while essential healthcare facilities (e.g. hospitals) rely on the functionality of power, 

water, and wastewater systems to maintain their services [2-3]. In the case of earthquakes, while 

strong ground motion does induce heavy damage in structures, a significant source of damage 

may be attributed to fires following the earthquake. It is reported that the 1906 Mw 7.8 San 

Francisco earthquake destroyed 28,000 buildings in San Francisco, 80% of which were attributed 

to the fires induced by the earthquake. A seismically resilient water delivery system would be 

able to provide the resources to help combat these fires, whereas resilient telecommunication and 

transportation networks would better provide personnel with the required information and 

mobility to accommodate the sites requiring assistance. 

 

 Thus, this research seeks to determine the means of improving network resiliency 

through the analysis of the seismic performance of infrastructure networks, using San Francisco 

as an example, by combining the most recent hazard and risk estimation techniques. This 

network analysis follows the methodology described in Miller and Baker [4], which may be 

generalized in the following steps: 1) Generate earthquake scenarios; 2) Generate ground motion 

maps for each scenario using ground motion prediction equations (GMPEs) and associated intra- 

and inter-event residuals; 3) Simulate damage states of structures using the ground motion maps 

and appropriate fragility estimates; 4) Compute network performance using the simulated 

damage on its components. This paper discusses the ground motion map generation aspect of the 

research. 

 

 Past research analyzes network resilience by subjecting networks to past earthquake 

events/scenario earthquakes [5-8], varying ground motion intensity values [9-11], or a 

combination of the two [12]. In this research, the authors simulate spatially correlated 

realizations of ground motion intensities based on an extensive list of potential earthquakes to 

evaluate the performance of San Francisco networks. This list of earthquake scenarios comes 

from the UCERF2 source model [13], and includes many rupture scenarios of moment 

magnitudes from 5.35 to 8.25, and on all faults in the region, including the North San Andreas 

Fault, Hayward Fault, and Calaveras Fault. Additionally, using only median ground motion 

values or evaluating ground motion intensities at each site individually is insufficient as 

described in previous research [14-17], and Park et al. [18] reports that ignoring or 

underestimating spatial correlation overestimates frequent losses and underestimates rare ones. 

Thus, spatial correlation effects are rigorously pursued and implemented into the simulation 

process in this research to yield a more accurate hazard assessment. 

 

 The remainder of this paper is structured as follows. First, procedures for constructing 

ground motion intensity maps and applying spatial correlation are outlined. The paper continues 

with a discussion and comparison of the ground motion maps currently available for San 

Francisco networks with the ground motion simulations pursued in this paper. Finally, this paper 

concludes with a brief discussion on the limitations of the current ground motion model and the 

application of the generated ground motion intensity maps to future phases of this research. 

 

Ground Motion Simulation 

 



This section discusses the methods of simulating spatially correlated ground motion maps 

pursued in this research. Ground motion simulation begins with the assembly of a portfolio of 

sites located in the vicinity of the network of interest at which ground motion intensities are 

evaluated. The ground motion intensities are simulated at each site using the model described in 

Eq. 1 that predicts intensities at a site i due to an earthquake j as formulated in previous research 

[19-21]:  

 

 ln 𝑌𝑖𝑗 = ln 𝑌̅𝑖𝑗 + 𝜎𝑖𝑗𝜀𝑖𝑗 + 𝜏𝑗𝜂𝑗 (1) 

 

where Yij is the estimated ground motion value (such as peak ground acceleration, PGA), 𝑌̅𝑖𝑗 is 

the median ground motion value, σijεij describes the within-event residual, and τjηj describes the 

between-event residual [22]. Inside the residual terms, τj is the between-event standard deviation, 

while σij is the within-event standard deviation. The ηj and εij terms are random variables 

sampled during ground motion simulation.  

 

 Median values of ground motion intensities at each site are derived from formulated 

GMPEs which generally consider earthquake magnitude, distance to rupture, fault parameters, 

and geological conditions. Random realizations of scatter around the median values are then 

applied using within-event and between-event log standard deviation values (also from GMPEs) 

and associated random variables ηj and εij, yielding a possible ground motion intensity map. 

Median and log standard deviation values of ground motion derived from various GMPEs for 

various earthquake scenarios are obtained using applications developed by OpenSHA [23], an 

open-source Java-based platform for conducting seismic hazard analysis. The ηj term is a random 

variable that follows a standard normal distribution (μ = 0 and σ = 1), while the εij term is 

regarded as a 2-dimensional random field that exhibits spatial correlation following a model 

semivariogram—a measure of the average dissimilarity in data values as a function of separation 

distance between sites [24].  

 

 Jayaram and Baker [19] analyze isotropic semivariograms of ground motion from past 

earthquakes and proposed the semivariogram presented in Eq. 2 for predicting correlations in 

future ground motions with a given separation distance. 

 

 𝛾(ℎ𝑥𝑦) =  1 − exp (−3ℎ𝑥𝑦/𝑏) (2) 

 

where hxy is the distance between sites x and y, and b is a factor that depends on the ground 

motion intensity measure calculated as well as geological homogeneity, assessed by the 

clustering in Vs30 values—average shear wave velocities in the top 30 meters of soil. This paper 

simulates intensity maps describing the distribution of PGA within a region that exhibits 

clustering in Vs30, and thus b is calculated using Eq. 3:  

 

 𝑏 = 40.7 − 15.0𝑇 (3) 

 

where T is the spectral period (in seconds) of the ground motion intensity measure. For PGA, T 

is equal to 0, and thus b is calculated to be 40.7. To construct the εij term that follows the model 

semivariogram from Eq. 2, this research pursues the following two approaches: the covariance 

formulation and the spectral formulation. 



 

Spatially Correlated Simulations using the Covariance Formulation 

 

Jayaram and Baker [19] constructs the εij term that reflects the model semivariogram in Eq. 2 by 

sampling from a multivariate normal distribution with a mean vector {0} and covariance matrix 

defined by Eq. 4: 

 

 𝛴𝑥𝑦 = 1 −  𝛾(ℎ𝑥𝑦) =  exp (−3ℎ𝑥𝑦/𝑏) (4) 

 

where Σxy is the covariance between sites x and y, stored as the (xth, yth) element of the covariance 

matrix Σ, and hxy and b are the same as those in Eq. 2. This method is denoted as the covariance 

formulation, as spatial correlation is implemented through the covariance matrix of the 

multivariate normal distribution. Fig. 1 below depicts a spatially correlated ground motion map 

simulated using this formulation. Fig. 1 (a) depicts the median PGA obtained from a moment 

magnitude 7.9 earthquake due to a full rupture of the North San Andreas Fault using the GMPE 

formulated by Boore and Atkinson [25] (𝑌̅𝑖𝑗 from Eq. 1). Fig. 1 (b) depicts the contribution of a 

realization of the between-event and within-event residuals (σijεij and τjηj from Eq. 1) to the 

ground motion realization. Fig. 1 (c) depicts a realization of PGA after the application of the 

between-event and within-event residuals in Fig 1. (b) to the median values in Fig.1 (a) (Yij from 

Eq. 1). 

 

 
 

Figure 1.  Peak ground acceleration values using the GMPE from Boore and Atkinson (2008) 

for an Mw 7.9 earthquake induced by a full rupture of the North San Andreas Fault. 

(a) depicts the median PGA values while (b) depicts a realization of the between-

event and within-event residuals and (c) depicts a realization of PGA after 

implementing the between-event and within-event residuals to the median values. 

 

 While this method produces the desired correlation in the ground motion realizations, one 

significant issue is the amount of resources required for the calculation of the correlated 𝜀𝑖𝑗 

terms—as the number of sites increases, the random sampling of εij becomes a nontrivial 

procedure. The governing source of computational expense is the calculation of the covariance 



matrix of size n x n, where n is the number of sites. Thus, the computational expense (in terms of 

both memory and time) of larger ground motion maps will increase in O(n2). This research 

explores alternate methods such to mitigate computational expense while maintaining reasonable 

accuracy.  

 

Spatially Correlated Simulations using the Spectral Formulation 

 

Rather than constructing the full n x n covariance matrix, the spectral formulation utilizes 

Fourier transform methods to approximate the spatial correlation of εij realizations. One 

requirement for the application of the spectral formulation is that the sites must be arranged in a 

regularly spaced square grid. The general procedure is described in the following steps:  

 

1) Calculate a matrix containing the covariance values between a site at one corner of the 

grid with every other site, yielding a square matrix with n elements, where n is the 

number of sites. 

2) Perform a two-dimensional fast Fourier transform on the covariance values. 

3) Generate independent random Fourier coefficients for each spectral period by sampling 

from a normal distribution with mean 0 and variance calculated as a function of the 

Fourier transformed covariance values from step 2. 

4) Obtain the two-dimensional random field by from an inverse fast Fourier transform. 

 

More details on this procedure may be found in Fenton [26]. 

 

Most of the computational effort is associated with the Fourier transform and the 

simulation of the Fourier coefficients, which appears to be approximately O(n), a vast 

improvement over the computational effort of the covariance formulation. Fig. 2 below compares 

the computation time and memory usage between the two methods:  

 

 
 

Figure 2.  (a) Computation time and (b) memory usage for the simulation of a 2-D random field 

using the spectral and covariance formulations. Note that (b) does not depict the 

spectral method—this is due to the memory usage of the spectral method being too 

small to be captured within MATLAB for the given number of sites. 

 

However, the spectral formulation introduces a slight deviation from the desired spatial 

correlation of the random field, as may be seen in Fig. 3 (a) and (b), which depict realizations of 



random fields using the covariance and spectral formulations. This figure allows for a quick 

visual comparison of the random fields generated by the proposed methods. A noticeable 

difference between Fig. 3 (a) and (b) may be discerned—the random field produced by the 

spectral method appears more “burry” as compared to that produced by the covariance method, 

signifying inconsistent spatial correlation between the two methods, especially at small 

distances. These observations are supported by results depicted in Fig. 4, which compare the 

model semivariogram (given in Eq. 2) with the experimental semivariograms calculated from the 

generated random fields using Eq. 5 given below [19]: 

 

 𝛾(ℎ) =
1

2𝑁(ℎ)
∑ [𝑧𝑢𝛼

𝑁(ℎ)
𝛼=1 − 𝑧𝑢𝛼+ℎ]2 (5) 

 

where 𝛾(ℎ) is the experimental semivariogram, zu is the value at location u,  N(h) is the number 

of pairs of sites separated by a distance h, and [𝑧𝑢𝛼
, 𝑧𝑢𝛼+ℎ] is the αth such pair. 

 

 
 

Figure 3.  Spatially correlated random fields of sites arranged in a 41 x 41 grid with 300 meter 

spacing between sites generated using (a) the covariance formulation, (b) the spectral 

formulation, and (c) the scaled spectral formulation. 

 

  
 

Figure 4.  Model semivariogram compared to the average experimental semivariograms of 1000 

random fields generated using covariance formulation, unscaled spectral formulation, 

and scaled spectral formulation for sites arranged in a 41 x 41 grid with 300 meter 

spacing between sites. (a) depicts the semivariogram for the entire domain of 

separation distances, while (b) depicts the semivariogram at small distances. 



 

 As can be seen in Fig. 4, the experimental semivariogram using the covariance 

formulation matches the model semivariogram fairly well, whereas the spectral formulation 

appears to underestimate the semivariogram (or overestimate the spatial correlation) at very 

small distances and overestimate the semivariogram at larger distances. One method of 

addressing this issue suggested in [26] is to increase the size of the random field and discard the 

excess values, as the semivariogram from the spectral formulation converges towards the model 

semivariogram with increased field size. The resulting random field is depicted by Fig. 3 (c), in 

which the size of the field is increased by a factor of 3, and the resulting experimental 

semivariogram is depicted in Fig. 4. Again, upon visual inspection of the resulting random fields, 

the spatial correlation still appears inconsistent between the covariance and scaled spectral 

methods. Observing Fig. 4, increasing the size of the spectral formulation yields an experimental 

semivariogram that better matches the model semivariogram as compared to the semivariogram 

from the unscaled spectral formulation; however, this solution still appears imperfect as the 

experimental semivariograms still slightly deviate from the model semivariogram. Future work 

will continue to refine the simulation of correlated random fields to address this issue. 

 

CAPPS Ground Motion Maps 

 

The correlated ground motion simulations pursued in this paper serve to supplement the existing 

ground motion maps for San Francisco such as those derived from the earthquake scenarios 

described in the Applied Technology Council’s (ATC) technical documentation for the 

Community Action Plan for Seismic Safety (CAPPS) Project discussing earthquake impacts on 

San Francisco [27]. An example ground motion map is depicted in Fig. 5, describing the median 

PGA induced by a rupture on the North San Andreas Fault. 

 

  
 

Figure 5.  Median PGA in the San Francisco area due to an Mw 7.9 earthquake on the North San 

Andreas Fault. 



 

 The CAPPS report considers four earthquake scenarios—three ruptures on the North San 

Andreas Fault and one on the Hayward Fault, while more exhaustive sampling of sources in the 

area (e.g., using OpenSHA) can produce more than 2000 earthquake scenarios for the San 

Francisco area, from which a subset could be selected using methods described in Miller and 

Baker [4] or Han and Davidson [28]. Thus this research supplements the existing ground motion 

maps with a broader set of earthquake scenarios for higher scrutiny of network design and 

performance. Additionally, existing ground motion maps typically neglect spatial correlation of 

ground motion; these maps, though simple to compute and utilize, may be unrealistic as 

previously mentioned. Thus, through the rigorous simulation of ground motion values with 

correlated residuals, this research contributes realistic ground motion maps for a more 

meaningful analysis of the San Francisco infrastructure networks. 

 

Conclusion 

 

This paper showcases the combination of the most recent tools and methods to perform ground 

motion simulation: calculation of the median and dispersion values of ground motion intensities 

using various GMPEs and earthquake events compiled by OpenSHA; introduction of spatial 

correlation into the ground motion intensity values by means of a correlated two-dimensional 

random field; and the formulation of the correlated two-dimensional random field by either 

sampling from a correlated multivariate normal distribution (covariance formulation) or utilizing 

Fourier transform techniques to randomize the relative contribution of spectral components to the 

random field (spectral formulation). These efforts contribute to subsequent network analysis 

through the consideration of a wide range of earthquake scenarios and the implementation of 

spatial correlation to yield more realistic ground motion maps. 

 

 Limitations of this methodology include the computational expense of simulating the 

correlated residuals for a large portfolio of sites, as seen in Fig. 2. The computation time for 

simulating these ground motion maps may not be a critical factor as compared to the 

computation time for network analysis for which these ground motion maps are generated; 

however, memory usage is a significant issue, as the covariance formulation requires several 

megabytes of memory for a modest number of sites, and ground motion maps for a much larger 

number of sites may be required and for which the covariance formulation may not 

accommodate. This research explores alternate methods of simulating the correlated residuals by 

utilizing Fourier transform techniques. However, this method sacrifices accuracy in spatial 

variability for reduced computational expense. This deviation may be mitigated by increasing the 

size of the random field and discarding the excess data, as the experimental semivariogram for 

the spectral formulation converges towards that of the covariance formulation with larger field 

size. Even after increasing the size of the random field by a reasonable amount, the runtime of 

the spectral formulation remains substantially less than that of the covariance formulation, thus 

maintaining computational efficiency while mitigating the error in spatial correlation. However, 

as seen in Figs. 3 and 4, this process is still imperfect, as it introduces undesirable deviations in 

the spatial correlation between sites. Additional means of addressing this issue include 

implementing weighting functions to the Fourier coefficients as described in Bruining et al. [29] 

or pursuing Sequential Simulation techniques as described in Jayaram [30].  

 



The ground motion simulation methodology described in this paper is but the initial step 

for analyzing and estimating infrastructure network performance and resilience to seismic events. 

Simulated ground motion intensity maps are utilized in the estimation of network component 

damage and subsequent network level performance metrics. This research intends to showcase 

the numerous and complex interactions between the various risk and hazard models as well as 

demonstrate the application of the most recent methodologies for all phases of the network 

analysis to lay the groundwork for future network analyses. Network resilience analysis provides 

insight on the highly complex response of infrastructure networks incalculable through direct 

means, and the results of such analyses provide insights regarding efficient allocation of 

resources and thoughtful retrofit of existing infrastructure to improve performance and post-

disaster recovery. 
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