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ABSTRACT Post-earthquake scenarios have brought connectivity challenges to the forefront of research
in recent years. Particularly, the randomness and large-scale of road and telecom network infrastructure
damage within the aftermath hinders communications coverage restoration during the most critical hours
when lives are at stake. This paper proposes a seismic-based post-earthquake city and cellular network
model to statistically predict the status of road closures and base station failures based on fundamental
earthquake measurements. The presented model considers a generic Manhattan grid-based city model,
with buildings featuring random heights. In addition, it quantifies the probability of building collapse
and the consequent probability of road closure which accounts for the random debris nature. Moreover,
the model accounts for the dependencies between the debris width, height, and the relative location
with respect to the earthquake epicenter. Furthermore, a routing algorithm for movable and deployable
resource units (MDRUSs) that exploits the derived statistical model is proposed to ensure that MDRUs are
efficiently deployed and connectivity is restored swiftly. The proposed routing algorithm is extensively
tested over a large set of simulation scenarios depicting different earthquake magnitudes and was shown
to provide up to 31% traveling time reduction compared to a blind distance-based approach. Finally,
the conducted simulations showed the effectiveness of the proposed MDRUs deployment approach in
restoring the communications coverage from a signal-to-interference plus noise ratio perspective in the
majority of the considered locations.

INDEX TERMS Post-earthquake network model, building collapse probability, road blockage probability,
MDRU routing algorithm, Dijkstra.

. INTRODUCTION

ATURAL disasters, such as hurricanes, earthquakes,

floods, and tsunamis, bring about environmental
devastation, immense economic losses, and unpredictable
fatalities. While disaster prevention is impossible, effective
post-disaster management and recovery are paramount, and
studied for various disasters from different perspectives in the
literature [1]. Examples include search and rescue operations
using Internet of Things (IoT)-oriented technologies in
flood scenarios [2], rapid response strategies in pandemics

utilizing sixth-generation (6G) wireless technologies [3], and
a rescue information system implemented with Mobile Ad-
hoc Networks (MANETS) in earthquake scenarios [4].
Current network infrastructure lacks adequate redundancy,
and recent calamities have shown the vulnerability of
wireless networks [5]. The criticality of the first post-disaster
hours requires a rapid wireless connectivity restoration
solution to aid the first responders in carrying out the
needed rescue operations [6]. This was evident in the
recent Kahramanmaras Earthquakes (Pazarcik and Elbistan)
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in 2023, which ranked at the top in terms of casualties and
severity [7].

In the Kahramanmarag Earthquake doublet, physical
damage or power outages rendered base stations (BSs)
inoperable, leading to communication breakdowns; while
the BSs in towers were less affected, the BSs mounted on
buildings’ rooftops, heavily used in cities, went out of service
due to the buildings’ collapse [8]. Repairing minor BS
damage and delivering fuel for BS generators were delayed,
and commissioning movable and deployable resource units
(MDRUs) faced obstacles due to road blockages caused by
debris. These network coverage and capacity shortages, in
addition to hindering individual and institutional connectiv-
ity, disrupted search and rescue efforts, caused requests for
help from people under the wreckage not to be received, and
contributed to a higher loss of life [9].

When terrestrial infrastructure is damaged, repairing (if
possible) or terrestrial ad-hoc solutions are preferable before
jumping to other options, such as aerial base stations (ABSs).
The work in [10] proposes using MDRUs, essentially
vehicle-mounted base stations, as a comprehensive solution
to meet user needs in disaster recovery scenarios. This
approach offers various advantages, such as quick deploy-
ment, high capacity, valuable disaster-time applications, and
carrier-free usability. Additionally, MDRUs can be powered
by different energy sources and can operate for up to five
days without an external power supply [11]. Typically, a
disaster-resilient network architecture based on MDRUs is
introduced to reduce traffic congestion in disaster-affected
areas and meet communication demands [12]. They also
outlined a restoration process for post-disaster scenarios
using MDRUSs. Furthermore, an optimization strategy is
presented to reduce the density of MDRUs required for
constructing the emergency communication network [13].
In [14], the novelty lies in integrating spectrum and energy
efficiencies, resulting in the creation of a novel metric termed
spectrum-energy efficiency for the disaster scenario, where
MDRUs are deployed. The authors introduced a topological
scheme based on the top-k spectrum-efficient paths and
outlined methods for optimizing the value of k.

As the recovery of terrestrial networks in disaster-affected
areas is sometimes unattainable or time-consuming due
to road blockages, many studies in the literature have
concentrated on alternatives, such as utilizing aerial networks
serving as flying BSs. In [15], the authors presented an
optimization-based approach for unmanned aerial vehicle
(UAV)-aided disaster communications. A novel stochastic
geometry framework is proposed in [16], which combines
terrestrial and aerial networks with ad-hoc BSs, show-
casing the effectiveness of vertical heterogeneous network
(VHetNet) in emergency scenarios. In [17], the authors
proposed the utilization of reconfigurable intelligent sur-
faces (RIS) in such scenarios and provided estimates of
the average and local coverage probabilities of an aerial
reconfigurable intelligent surfaces (ARIS)-assisted wireless
network.
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After all, we are facing a post-disaster management
scenario where many solutions exist, including terrestrial
networks and ABSs [18]. The prospect of integrating ABSs
into wireless networks is enticing due to its numerous ben-
efits, but it also presents challenges. The primary concerns
when using ABSs as network infrastructure include their lim-
ited energy supply in the sense of network service availability
and the lack of coordination with the terrestrial network
regarding frequency usage and deployment location, which
can lead to interference and worsen communication [19].
Therefore, employing terrestrial solutions is necessary during
disaster times. Particularly in earthquakes, which have a
devastating impact on infrastructure collapse, it is important
to comprehensively study timely responses in wireless
communication for post-earthquake recovery [20]. Moreover,
there is uncertainty in the availability of the network [21],
and a realistic post-earthquake network model is currently
lacking in the literature. A large-scale disaster may affect
an area with a certain or probabilistic shape, which can
be used to create a more realistic post-earthquake network
model [11]. However, this requires a multidisciplinary
study encompassing civil/structural engineering and wireless
engineering.

The study of disaster modeling from a seismic perspective
has emerged as a critical field of research, driven by
the need to better understand and mitigate the devastating
impact of earthquakes on communities and infrastructure.
Multiple property damage estimation models for building
collapse, road blockage, and fire spread, have been developed
in [22] to create a city-damage simulation model using
data from observations following the striking earthquakes.
In [23], the authors introduce an integrated approach for
probabilistic systemic risk analysis of a road network
taking into account spatial seismic hazard, correlations in
ground motion intensities, and the vulnerability of network
components. Additionally, the work in [24] presents a
method to assess the seismic performance of large-scale
electric power systems under spatially correlated earth-
quake ground motions utilizing network flow theory for
power flow allocation. A three-step framework for assessing
vulnerability due to earthquake-like hazards is proposed
in [25], accounting for creating an inventory of road
networks, conducting vulnerability assessments of building
structures, and analyzing the impact of road closures to assist
emergency managers in pinpointing vulnerable sections of
the road network and implementing essential mitigative
actions. A pioneering method is introduced in [26] to
assess the functionality of city building portfolios after an
earthquake, whose findings can contribute to forecasting the
likelihood of functional losses before earthquakes, steering
the post-earthquake recovery process, and implementing
proactive measures to enhance the seismic resilience of
cities.

The post-earthquake city model accurately represents the
damage and destruction incurred by the disaster, includ-
ing the collapsed buildings and disrupted infrastructure
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for insightful estimation of inoperable rooftop BSs and
road blockages, respectively. The routing of MDRUs in
an earthquake aftermath, becomes a critical aspect of
establishing quick and effective communication infrastruc-
ture to cover gaps or holes in network coverage [27].
Through careful planning and analysis, their routing
should be efficient, ensuring that they are located in
a way that maximizes coverage and minimizes signal
interference or obstruction caused by debris or damaged
infrastructure.

A. RELATED WORKS

In the realm of post-disaster communication, a striking gap
in the literature becomes evident when considering seismic-
related properties. The majority of works in this field tend
to generalize the requirements and specifications for post-
disaster wireless networks, neglecting the specific seismic
factors that can disrupt or damage infrastructure. In fact, only
a handful of works have utilized seismic factors for post-
earthquake communication restoration. The research in [28]
explores how seismic ground motion models can be used
to simulate the effects of earthquakes on smart grid com-
munication networks. A methodology to model and quantify
the seismic vulnerability and resilience of communication is
studied in [29], where the network infrastructure’s physical
dependence on the underlying building was considered. The
vulnerability of Venezuela’s state communications network
to earthquakes was examined in [30]. This investigation for
failures of network nodes was evaluated using probabilis-
tic risk analysis methods, incorporating historical seismic
data and Monte Carlo simulations. Nodes and arcs were
concurrently evaluated, following the methodology outlined
in [31]. This approach employed probabilistic seismic hazard
analysis to predict the condition of network elements post-
earthquake. The methodology integrates a seismic source
model and ground prediction equations to assess the intensity
measurement of each component relative to its location.
During simulation, node failures align with building fragility
curves, while a failure rate contingent upon the current
rating and cable attributes determines link failures. Recently,
in [32], a regional seismic risk assessment framework was
developed to quantify the vulnerability of post-earthquake
functionality of small, macro BSs, and combined heteroge-
neous structure under earthquake hazard threats, particularly
in the context of 5G.

B. MOTIVATION AND CONTRIBUTIONS

A comprehensive probabilistic model of earthquake exci-
tation, encompassing ground motion intensity distribution,
fragility functions, building collapse probability, debris width
calculation, and road open section probability, has yet
to be modeled and their impacts on the communication
infrastructure need to be analyzed. This is crucial given
the inherent interdependence between cellular networks
and earthquake events. Our research addresses this gap
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by focusing on rooftop BSs failure and building col-
lapse within a Manhattan grid-based city architecture.! In
addition to developing a realistic network model for post-
earthquake communication, we are taking a further step by
providing insights applicable to urban emergency response
strategies. This involves considering the communication
recovery aspect, specifically deploying recovery units within
survivor cellular communication networks. Our work extends
further to propose a routing algorithm for first responders,
facilitating access to damaged BSs or MDRUs at desired
locations amidst collapsed buildings and closed roads caused
by the post-earthquake city model. Lastly, we are conducting
the proof of the seismic model equation’s reliability and
assessing the network model’s performance under varying
seismic parameters, emphasizing its practical implications
for emergency management. Also, the effectiveness of the
proposed routing algorithm in managing road closures is
evaluated. Briefly, we study the following contributions:

o Defining a probabilistic model for cellular network
coverage in a post-earthquake scenario, considering BS
collapse and road blockage.

o Proposing a routing algorithm for first responders to
reach the damaged BSs or MDRUs at desired loca-
tions in a post-earthquake scenario involving collapsed
buildings and closed roads.

o Conducting extensive simulations to evaluate the
performance of the network model under various
seismic parameters and assess the effectiveness of the
proposed routing algorithm in managing road closures.

C. PAPER NOTATIONS AND ORGANIZATIONS

Notations: Throughout the paper, the i, n, and j denote the
BS;, MDRU,,, and user equipment (UE); respectively. The
LN (a, b) notates a log-normal random variable with mean
a and standard deviation of b. The conditional probability is
given as P(A|B) that calculates the probability of an event
A given that another event B has occurred. The ®() is the

standard normal cumulative distribution function (CDF). The

(@) ... S
@ and the ~ represent the transition and approximation

in (a), respectively. The notation B’ stands for the building
located opposite B. |.| represents the number of components.
wZ denotes the weight between a and b vertices in the graph.
[.] and a mod b represent floor and the modulo operations,
respectively, where ¢ = a mod b.

Organization: The rest of this paper is organized as
follows. Section II describes the general city and network
system models with performance metrics. The probabilistic
model of earthquake excitation is explained with mathemat-
ical analyses in Section III. The proposed routing algorithm
and deployment of MDRUs for post-earthquake scenario is
included in Section IV. The numerical simulation results and
analysis are given in Section V. Finally, Section VI provides
a conclusion.

IThe Manbhattan-city layout is chosen without loss of generality and for
simplicity of exposition.
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& Placement of BSs

FIGURE 1. The geographical layout of the post-earthquake Manhattan grid-based city model and heterogeneous network model with MDRUs. The redness on the buildings

indicates the extent of damage caused by the earthquake.

Il. SYSTEM MODEL

In this work, we consider a Manhattan-grid-based city model,
where the city is divided into identical square-shaped regions
of length R, by identical streets featuring Rg width, and
O Rgr-wide identical avenues, where Q > 1. The city
buildings are assumed to have identical square footprints
of Rp side length and are uniformly distributed amongst
the city square regions as depicted in Fig. 1, where each
road accommodates Rg buildings, and avenues are regularly
placed with Rq roads-separation intervals along both the X
and Y axes. As for the buildings’ heights, they are assumed to
follow a Rayleigh distribution parameterized by y as outlined
in the universal statistical model for building deployment
provided by ITU-R Rec. P1410 [33], where y denotes the
most common building height.

As described in the 3GPP Manhattan deployment sce-
nario [34], we adopt a hexagonal cellular network layout
where macro BSs are deployed on buildings’ rooftops,
with cell radius Ry with a unity frequency re-use factor.
Furthermore, the BSs are considered to transmit at Pt power
to serve its associated UEs. In this work, users are associated
with BSs based on the strongest received signal strength
(RSS). Moreover, all the intra-cell communication links
operate in an orthogonal fashion, i.e., interfering sources are
always from neighboring cells. After an earthquake hits, we
assume that BSs destruction is associated with their building
collapse. In addition, we assume that the number of deployed
MDRUs to restore network coverage, matches the number
of collapsed BSs. Fig. 2 represents the main components of
the city and network model, where we assume that all the
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FIGURE 2. The main components of the city and network model.

MDRUs are identical with Py, Vj, and Vy representing the
MDRUSs’ transmit power, antenna height, and vehicle width,
respectively.

Given that UE; is associated with BS;, the communication
channel imperfections are assumed to be dominated by
large-scale fading, where the received power for the UE; is
expressed as

.. N
PR =Pr(RY) e, (M

where Rijj is the distance between‘ ;he BS; and UE;; 7 is
the path loss exponent; qf'j = 10¢"/10 represents the log-
normal shadowing; and ¢'/ is a normally distributed random
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variable with zero mean and standard deviation os. With
similar derivation of P in (1), where i’ # i, the interference
power introduced by BS; on UE; would be

i i
Pint - PT<RU )

where Rl[/jj and o/ represent the distance and the shadowing
between UE; and BS;, respectively. Accordingly, the signal-
to-interference-plus-noise-ratio (SINR) of UE; in a network
with a total of K BS, including terrestrial BSs and MDRUs,
can be expressed as follows:

i\ " ij

N Pr(RY) et
Y = P 3)
) Pr(RY) ek + o
ki
where aiz = NoB is the thermal noise power at UE;’s receiyer,
Np is the noise power spectral density, B = BW/U' is
the bandwidth allocated to UE;, BW is the total bandwidth
available for BS;, and U’ is the total number of UE associated
with BS;.

Outage probability and capacity are also used as
performance metrics to assess restoration of the cellular
network through optimal deployment of MDRUs while
ensuring that the distance between radio units is maximized
to minimize interference. Following from (3), the outage
probability for UE; is expressed as

(v <v™), )

where ¥ is the threshold value characterizing the desired
SINRs for UEs. The capacity is defined as the upper bound
on the information rate that can be communicated through
a channel subject to the additive white Gaussian noise
(AWGN), and it can be calculated as C'V = Blog,(1+ Y.

-n .
o', (2)

P —

out —

lll. POST-EARTHQUAKE INFRASTRUCTURE MODEL

In this section, we propose a stochastic model that describes
the infrastructure damage after an earthquake, which will be
exploited in Section IV to propose an efficient algorithm for
network coverage restoration. In the following subsections,
we illustrate in detail the whole destruction process starting
with the earthquake excitation and the associated randomness
of ground motion. Next, we elaborate on the correlation
between ground motion severity and the likelihood of
building collapse. Finally, we characterize the generated
debris due to infrastructure destruction and the potential road
blockage impacts.

The important assumptions in our post-earthquake model

are as follows:

o The peak ground acceleration (PGA) is assumed to
follow a log-normal distribution, capturing variability
in ground motion.

o The probability distribution at each point for PGA is
distance-dependent. However, PGA values at different
locations are modeled as independent, without account-
ing for spatial correlation.
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o The building heights are modeled with a Rayleigh
distribution, assuming independence in height between
buildings at different locations.

o Building collapse event is modeled as conditionally
independent given the local PGA value, with no
correlation in material or structural factors between
buildings.

o Empirically derived fragility curves estimate collapse
probability based on PGA, without accounting for
construction-specific dependencies (e.g., age).

o Identical Buildings’ horizontal footprint and horizontal
alignment of buildings overlooking the same street.

As long as the provided assumptions are met, the proposed

model can be applicable to any city layouts. The fundamental
input random variables, dependencies across the variables,
and how randomness is structured within the proposed
seismic model for city destruction are visualized as a
computational graph in Fig. 3.

A. EARTHQUAKE AS A STOCHASTIC PROCESS

In seismic hazard analysis literature, there is a multitude
of methods to model earthquakes that mostly fall within
two main categories: analytical models and empirical mod-
els [35]. In analytical models, an earthquake is considered
a seismic wave formulated by using differential equations
with boundary conditions dictated by the scenario-specific
circumstances. Despite the offered accuracy of such models,
they are computationally very expensive and might not be
practical to be employed by first responders. On the other
hand, empirical ground motion models focus on providing
a statistical description of the main dynamic features of the
earthquake, such as the peak ground acceleration (PGA),
peak ground velocity (PGV), and spectral acceleration (SA).
In this work, we focus on empirical models for PGA, as
they are widely adopted in probabilistic hazard assessment
analysis, and their associated relatively low-computational
complexity costs lend themselves to a limited time needed
to respond to the catastrophe.

1) GROUND MOTION INTENSITY DISTRIBUTION

An empirical ground motion model, which predicts the
ground motion intensity typically takes the following general
probabilistic form:

IM ~ CJ\/'(/LMM, GZ%JM), &)

where intensity measure (IM) is the ground motion parameter
of interest such as PGA or SA, being a log-normal
random variable with mean ;) and standard deviation of
omim [35]. In our earthquake modeling, the updated version
of the CY14 model is adopted based on analysis of the
ground motion data from the significantly expanded NGA-
West2 dataset [36]. This study adapts PGA as a widely
recognized measure of ground motion intensity to assess the
potential impact of an earthquake on buildings’ structures.
Based on (5), PGA is a random variable described by a
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FIGURE 3. Fundamental input random variables and computational graph used in the seismic model for city destruction.

log-normal distribution. Following the same notation in [36],
the logarithmic mean of PGA for a given T can be written
as [36, (eq. 11)]

sinpca =1 (X My, Ros, Viao, Z10.8,61T), (6)

where f is a tedious function of earthquake parameters; x is
the location of the earthquake epicenter; M, is the earthquake
moment magnitude; R is the source-to-site distance; Vs3o
is the 30-meter time-averaged shear-wave velocity; Zjo is
the depth from the ground surface to the 1 km/s shear-wave
horizon; § is fault dip angle (in °); and 6 are the regression
coefficients depending on parameter 7, which typically
represents the period of vibration or oscillation of the ground
motions. We would like to note that the mean value of PGA is
predominantly influenced by the earthquake magnitude and
the distance from the earthquake source. Higher earthquake
magnitudes generally lead to higher mean values, indicating
stronger ground shaking. Conversely, greater distances from
the earthquake source usually result in lower mean values due
to wave attenuation and geometric spreading. Soil type can
also affect the mean of PGA, with softer soils and irregular
topographies generally leading to higher values. On the other
hand, total variance is given by [36, (eq. 13)]

(I% :g(‘L’,NL(),UNLO) @)

where g is a complex function of ground motion parameters;
T is the between-earthquake residual variance; NLg term
measures the non-linearity in site response and opg, is
the standard deviation of non-linearity in site response.
The standard deviation of the PGA reflects the variability
in ground motion prediction. It is affected by earthquake
magnitude, distance from the source of the earthquake,
and local site conditions. Smaller magnitudes and shorter
distances generally lead to higher variability. Soil type and
site-specific effects also affect the standard deviation. Further
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details on the model and corresponding parameters can be
found in [36].

2) FRAGILITY FUNCTIONS AND PROBABILITY OF
COLLAPSE
Given, the previously defined ground motion model, the
next step towards the statistical model of destruction is
to evaluate the buildings’ collapse probability. The pivotal
element in this process is the building fragility curve a.k.a
fragility function. Fragility refers to the likelihood that a
structure will reach damage at a certain level when subjected
to a specific earthquake intensity. The fragility function of a
certain structure is the conditional probability of the structure
collapse given a certain ground motion level. The fragility
function is assumed to have a log-normal behavior, given as
In(x) M) ®
B
where P(C|PGA = x) is the probability that the building will
collapse under a ground motion with IM being PGA = x,
®(-) is the standard normal CDF, p and B standing for
the mean and standard deviation, respectively, are constants
that depend on the building characteristics as structure,
cross-section area, and height, to name a few [37]. These
constants are crucial as they account for the variability in
building responses to seismic events and provide a measure
of the building’s resilience. In this work we adopt the
models proposed in [38] for « and B as functions of the
building height (%) which could be utilized for every class
of buildings: reinforced concrete (RC), steel or masonry
buildings. Particularly,

w(h) = 5% 107 % h* — 0.0023 x h — 0.0666,  (9)
B(h) = 6% 107 x h? — 0.0283 « h + 0.4708.  (10)

The building collapse probability depends on both earth-
quake characteristics and building structure, particularly

Fr(x) = P(C|PGA = x) = <1><
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PGA and building height, respectively. By averaging out the
uncertainty in the building fragility function represented in
the PGA measured at the building location and height, the
building probability of collapse is expressed as

Pc Z/ / FR(PGA) fr (h) fpGa (x)dhdx

In(x) — n(h) h?
// ( B(h) >y26xp<_272>

In(x) — inPGa )2 dhds
OInPGA '

(1)

where fy(h) is the Rayleigh distribution of building’s height
and fpga (x) is the PGA probability density function (PDF).
This formulation incorporates the uncertainty in both the
structural characteristics and the seismic hazard, leading to
a more robust estimation of the building collapse probability
under varying conditions.

The probability of building collapse plays a critical role
in our proposed probabilistic city model, as it influences
both base station BS collapses and road closures. MDRUs
are designed to provide temporary coverage by positioning
themselves near collapsed BS sites. Therefore, understanding
the probability of BS collapse and the likelihood of road clo-
sures due to building failures is essential for strategic MDRU
deployment. This ensures that communication coverage can
be restored as close as possible to pre-disaster levels.

L (
xv 27 OlnpGA ( 2

3) ROAD BLOCKAGE

Now, having quantified the probability of building collapse,
which also defines the probability of BSs destruction, it
remains to quantify the likelihood of having a neighboring
road getting blocked by the collapsed building debris.
towardss this aim, we adopt the geometric building debris
model [39], where debris is assumed to fall uniformly from a
collapsed building, and conditional PDF for the debris width
w is given by the following triangular distribution as
2(w—a)
flwlh) = (b= a)(cw)a)
b= (b-a)
where f(w|h) is the conditional probability distribution of
the debris width given a certain height, a is the minimum,
b is the maximum, c is the mode, specified as /8, h/2
and h/4, respectively [39]. Based on the conditional PDF
for debris width, the unconditioned PDF that assimilates the
Rayleigh height PDF is provided by the following Lemma.
Lemma 1: The PDF of debris width generated by building
collapse for a city with Rayleigh distributed building heights
with parameter y is given by

2p+1
O)Zapel(( 2)p 2)

8/2 2.,/2
+=3 id querf —\2/_0) 13
y = y

a<w<c
(12)

c<w=<b

fa(w) =
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where ei(.) is the exponential integral, erf(.) is the error
function expressed as ei(z) = fzoo &;_Z)dt and erf(z) =
\/%? s exp (—?)dt, respectively.

Proof: Please see Appendix 1. |

This brings us one step closer towardss finding the road
section blockage probability, which is determined by the
contributions of the overlooking collapsed buildings’ debris.
A road segment is considered closed if any of its sections is
closed. The blockage status of the road segment between
the road intersections v and v, is represented by a Bernoulli
random variable €, € {0, 1}, where €,, = 1 denotes the
road section closure. A road section is open, when the overall
debris of the two buildings overlooking the road section is
not large enough to block vehicles passage. Specifically, for
a given segment €,,,, s, = 0 indicates that its m-th road
section is open, allowing vehicles to pass through without
hindrance, equivalently, wy, + w/), < Sw — Vw, where wy,,
w), are the debris widths of B and B, respectively, Sy and
Vw are the street and vehicle widths, respectively. Similarly,
the m—th section closure status of the €, , is represented by
another Bernoulli variable s ,, with s}, = 1 denoting the
blockage of the m—th section of the ¢, ,. Accordingly, the
probability of closure for €, , is expressed as

Plevy =1) = 1 = P(ey,, =0) (14)
M
= 1—7><ﬂs'5)v=0> (15)
m=1
M
@, [[P60, = (16)
m=1
Ri-p@, =0 (17)

where M is the number of road sections within a road
segment. The transition in (a) follows from the independence
of section blockage events due to the independence of
buildings’ heights. The approximation followed in transition
(b) stems from the high similarity in section closure
probabilities that belong to the same road segment as the
distances between the included buildings and the earthquake
epicenter are very similar.Finally, the probability of having
section s!} , open, is mathematically expressed by using the

v,V

law of total probability as
P(s}, =0) = P(sl, = 0lBc, Bo)P(Bc)P(Be)
+P(s2t, = 0lBc, B, ) P(Bo)P (B )
+P(st., = OlB¢. Bc) P (Be) P (Be)

n P( mo= O|BC,B’C)P(BC)P<B’C>, (18)
where P(Bc) and P(B.) are the probability of collapse of
building B and its opposite B’, respectively, while P(Bg) =
1—P(Bc) and P(B’C) = 1—P(Bg). Basically, (18) calculates
the probability that a section is open by considering all

possible combinations of the collapse or non-collapse of
every two buildings within the same road section, B and B’
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m — th section

|

r 1
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FIGURE 4. Section composition of a road segment.

The equation sums four terms, each of which represents
a different combination of the section’s buildings collapse
status where (Bc, B(), (Bc, Bé-:), (Bg, Be), (Bg, Bz_:) indicate
both buildings collapsed, only B collapsed, only B" collapsed,
and neither building collapsed, respectively. Each term is the
product of the conditional probability that a sy}, section is
open given the specific collapse scenario, multiplied by
the individual probabilities of that scenario occurring, i.e.,
P(Bc) for B collapsing and its complement P (Bg) or P(B(.)
for B’ collapsing and its complement P(B’C) A simple
illustration of the section composition of a road segment
with the associated buildings, B, and its opposite B;, for
m=1,2,..., M, is shown in Fig. 4. In this work, P(s},, =
0|B¢, B/(-:) = 1, as we are not considering the road cracks
caused by the earthquake.

Lemma 2: For the considered Manhattan-grid city model
and Rayleigh buildings’ heights distribution with parameter
y, the open road section probability given the two overlook-
ing buildings collapsed is given as

P(s), = O|Bc, Bt)

dy 2i+1
:/ ' ( Zc,exp<( 2) d/)
0

NGT A 22
+ 3, dchcjerf > i

Jj=0

2k+1 2
3 3,2 t Zc;J'( dth)
202
— 3—a) (\/ Ty cherf(Tdth>
22m+1
+_dthzcm ( dm))

2 92n+1
/
dth> do', (19)

16 2
c,I'( 0,
n=0

+ﬁa)
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and the corresponding probability given a single overlooking
building collapsed is

P(sZ’ ;
1

_ /
— 0|Bc, BC)

(20)

22Z+1
+im thzcz ( -)

Proof: Please see Appendix B. |

By substituting (19) and (20) into (18), we obtain the
probability of having an open s}/, section. Subsequently,
substituting (18) into (17) allows us to complete the
evaluation of the probability of the road segment ¢, , being
closed.

In summary, incorporating uncertainty and correlation is
crucial for understanding the potential impacts on network
restoration. As given in Fig. 3, obtaining fragility curves (8)
is an inevitable key step in seismic risk assessment in
performance-based earthquake engineering which accounts
for the uncertainties of risk due to seismic events. The
probabilities calculated for building collapse (11), debris
width (12), and subsequent road blockage (14) inform our
algorithm for restoring network coverage, emphasizing the
importance of these factors in strategic decision-making,
particularly for first responders.

IV. LOW-COMPLEXITY MDRUS ROUTING SOLUTION TO
RESTORE NETWORK COVERAGE
In this section, we address the routing problem of
the MDRUs aiming to restore communications coverage
performance as close as possible to the pre-disaster levels
by strategically deploying MDRUSs to their best locations
in the least possible time. For simplicity, let’s assume
that the operator has a sufficient number of MDRUs to
compensate for the N < K collapsed BSs, whose set
is denoted by N. Accordingly, each of the MDRUs is
targeted to reach as close as possible to collapsed BS
sites and provide temporary coverage. The absence of prior
knowledge about collapsed roads implies that following the
shortest path to the destination does not guarantee optimal
travel times. Consequently, we will leverage road closure
likelihoods derived in the previous section to come up with
a probabilistic routing solution.

Let us consider a Manhattan-grid-based city road network
with the number of horizontal and vertical roads are
represented as Ep and E,, respectively. The mathematical
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FIGURE 5. Road network graph and routing illustration.

description of Ey and E, for the R length square-shaped
region can be expressed as

R R mod A
En = Ey = Rq A + 5 |

where S = RgRs+Rg and A = RoS+Rg(Q—1) are defined
as the unique distance between two parallel road segments
and avenues, respectively. Fig. 5 illustrates a Manhattan-grid
based city model for Rs = 4, E, = 4, and E, = 5. Such a
road network can be modeled as a bi-directed graph denoted
by G = V,E, W), where V = E}, x Ey road intersections
is represented by the vertex set V = {wlk € [1,V]}; €& =
{s,lclk, leV, k#1}represents || = E = (Eh—1)x (Ey—1)
road segments; and W = {Wé”{,l eV, k # I} is the set
of non-negative edge weights, Wi € R™, which are directly
associated with corresponding road segments, ellc, Vk, Vi, ie.,
IW| = W = E. We denote the ordered set of 4 vertices
nearest to the n'” collapsed BS by 7,,n € N, which is
sorted in ascending order of Euclidean distance to the n’”
collapsed BS. In order to increase the chance of finding a
feasible route to the n' collapsed BS, MDRU,, sequentially
takes vertices within 7, as its destination starting from the
closest member. If we denote the source vertex as s, and
™ closest vertex as d', where d', € T, and 1 € [1,4], s, ~
d, = {sn,....d)} € Rl defines any arbitrary route from
Sy to d,ﬁ as an ordered sequence of vertices MDRU,, visits
during its journey, where R}, is a superset of all R/, possible
routes for MDRU,,. Accordingly, the success probability of
MDRU,, over the ', r € [1, R!], arbitrary route is given by

21
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Poi= (22)

[T v

Vk, IR {r}
ksl

where w,l( is defined as the probability of an open road
between vertices k and / and follows from Lemma 2.
Accordingly, the routing problem of interest for MDRU,, can
be expressed as

sn = dyy = RZ{a\gg r;lzaX{Pﬁ,z}}’ (23)
reR},

where s, — d!, is the optimal path from s, to d!, with the
highest probability of success.

Even though shortest path algorithms (SPAs) are a
common choice to find the best route, their additive nature
and cumulative distance approach can not be applied to
solve (23) for finding the path with the highest probability of
success. In order to leverage SPAs, we perform the following
transformation on (23) to obtain an equivalent problem

sp — db, @ R}, { arg max { log 1_[ wh
VreR, Vk.IER! (1)
k£l
b
@ R! { arg max Z log (wi)
VreRy | k. 1eR! ()
k£l
© R, 4 argminq — Z log<wf€) ,
vreR;, Vk,IER! (1}
kAl
@ R! { arg min Z Wit (24)
VrERL | ik ieR! ()
k£l

where (a) holds due to the monotonically increasing nature
of logarithmic functions, (b) follows from the product rule
of the logarithm, (c) transforms the resulting maximization
problem into a minimization one through negation; and
(d) provides an equivalent problem that allows utilizing SPAs
on a revised graph G = (V, &£, W) with modified edge
weights, i.e., W}, = log(l — P(ey,» = 1)). The optimization
problem in (24) gives output between 0 to oo for successful
and failed routing, respectively.

It is worth noting that the best route obtained from the
probabilistic approach developed in (24) only provides the
highest success probability of reaching &/, from s,; however,
reaching the final destination is not guaranteed in real life
as the actual road status between vertices k& and [, ell( €
{0, 1}, follows a Bernoulli distribution as explained in the
previous section. In other words, it is possible for MDRU,
to encounter a dead end even if it follows the best route
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provided by the SPA as illustrated in Fig. 5. Therefore,
we consider an adaptive and cooperative framework as
follows: when MDRU,, encounters a road closure in real
life, it reruns SPA to find the best route from the last
successfully visited vertex and broadcasts the edge weight
updates on G = W, €, W) based on the actual status of
visited road segments. These real-life updates shared by
MDRU will enable other MDRUS to avoid including closed
road segments in the developed probabilistic approach when
they need to rerun SPA following a dead end.

The process flow for the proposed network model of the
post-earthquake scenario and MDRUSs routing algorithm for
accessing the reachable closest location of the collapsed
BSs is summarized in Algorithm 1, wherein lines 1-3 define
the scenario of Manhattan environment, network facilities,
and earthquake parameters. The post-earthquake modeling
starts with running the CY14 earthquake model in line 4.
After computing the parameters (u and S) of the PGA
distribution in line 5, the fragility function (Fr(PGA)) is
calculated in line 6. Thereafter, the set of collapsed buildings
and accordingly set of destroyed BSs, N, are identified in
line 7. The PDF of debris width, fo(w), and the road closure
probabilities, 'P(SZ”U = 0), are computed in lines 8 and 9,
respectively.

Following the post-earthquake modeling, the probabilistic
graph model with logarithmic weights, G, is generated in
line 10. The MDRUs routing algorithm runs in parallel for
every MDRU,, with initialization of source node, s,, and
destination nodes, 7,. Nodes v; and d’, are set as the initial
source and destination node in lines 13 and 14, respectively.
A while loop between lines 15 and 28 runs until observing
that there is no path to reach the destination, which is
represented as vx ~» dj, # oo, or reaching one of the desired
locations, i.e., v ¢ T. DUKSTRA(v, d), G(V, £, W)) runs
as an SPA to solve the problem in (24) for finding optimal
path, vy — d', in line 16. Then, V* = {y* € v — d}} is
defined as the set of V* vertices to be visited from vy — d,
in line 17.

MDRU,, starts its journey between lines 18 and 27,
wherein if the road segment is open in reality, i.e.,
ey«(i,vi+1y == 0, MDRU, moves to the next vertex
V*{i + 1} in line 21. Otherwise, the last visited vertex,
V*{i}, is defined as a new source node to be used for one
more DUKSTRA(vk, ', G(V, E,W)) in a new iteration of
the while loop. In both cases, the weight of the cop_sidered
road segment is updated to the actual weight (d)g*{?_l}

0 or oo) in line 20 and 23, respectively. Thanks to these
updated weights, other MDRUs will be able to calculate
more accurate routes with real-life deterministic weights.

Following the termination of the while loop, the algorithm
deploys MDRU,, at d/, if they reach the desired location in
the neighborhood of the collapse BSs in line 30. On the
other hand, line 31 refers to the possible case where while
loop is terminated without reaching vertices neighboring
BS,, vi — d,’1 = o00. In such a scenario, we consider
the sub-optimal MDRU deployment by taking the inter-cell
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Algorithm 1 The Proposed Probabilistic MDRUs Routing
Initialization
1: Define Manhattan environment: R, Rpg, RR.Rs.RQ and Q, y
2: Define network facilities: Ryv, Vg, Vh, Pv, P1, BW, og, 1

Define earthquake parameters: x, My, Rss, V30, Z10, 9, 6, T
Post — Earthquake Modeling

Run the CY14 model with NGA-West2 dataset as per (5)
u<(6), B« (1
Fr(PGA) < (8)
N <« as per Pc in (11)

(95}

// compute PGA distribution parameters
// compute fragility function
// identify set of collapsed
buildings and BSs
Jo(w) < as per (13) // obtain PDF of debris width
9: P(sfy, = 0) <« as per (19)-(20) // compute road
closure probabilities

AN

*®

Routing MDRUs

10: G <~ (V,E, W)  // generate probabilistic road graph
11: parfor n = 1 : N do // MDRUs start routing in parallel
12: Define initial source node s, and destination nodes 7,
13: v < Sy // set initial source node
14 dl, < Tp{1} // set the destination node
15: while vy ~> dl, # 00 V v ¢ T, do

16:  vg — df), < DUKSTRA(vg, d, GOV, E, W) // solve (24)
17 VY <~ w—d, // set of V* vertices to be visited
188 fori=1:V*—1do / MDRU, starts its journey
19: if eyriy Ve(iv1y == 0 then // road segment is open

. in reality
20: (T):j*gjl} <« 0  // update prob. weight with actual
weight
21: vi < V¥{i+ 1} // update latest position of MDRU,
22: else // road segment is blocked
. in reality
23: cb}j*g;]} < 00 // update prob. weight with actual
weight
24: v < V*{i} // define new source node to last
visited vertex
25: break
26: end if

27:  end for

28: end while

29: if v € 7, then // MDRU,, reached to target BS,

30: Deploy MDRU, at v

31:  else // decide on sub-optimal deployment

32:  Find vimin / vertex with the min. Euclidean distance
to d,

33:  if A <T then // tolerable inter-cell interference

34: Deploy MDRU,, at vpin

35:  else // extreme inter-cell interference
36: Omit MDRU,, from network

37:  end if

38: end if

39: end parfor

interference tolerance distance, I', into account. To this aim,
MDRU,, first identifies all visited vertices throughout the
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journey and determines the vertex with the shortest Euclidean
distance, A, to the BS,,, vmin. If the inter-cell interference is
tolerable, i.e., A < [',2 MDRU,, is deployed at v, in line
34, otherwise omitted from network in line 36. Noting that
initialization and post-earthquake modeling can be executed
offline, the routing complexity for MDRU is governed by
the times DIJKSTRA executed. Accordingly, the overall time
complexity is given by O(K(V + E) logV), where K is
the total number of iterations of the while loop.> The
original problem, involving service recovery with unknown
road blockages, is non-convex and lacks a polynomial-time
optimal solution. Our heuristic method reduces complexity
by focusing on feasible, rather than fully optimal, path
solutions.

In conclusion, inspired by the statistical insights gleaned
from our developed model on the stochastic city model
after the earthquake (as outlined in Section III), Dijkstra’s
approach prioritizes both shortest path and time. Unlike
traditional uniform weight distance-based algorithms, it takes
into account the probability of road closure along the route
and its contributing factors, including building heights, road
width, probability of building collapse, and probability of
segment closure. Exploiting the earthquake city model helps
to reduce the time needed to restore the network functionality
by effectively avoiding statistically predictable blocked roads
and backtracks.

V. NUMERICAL RESULTS

In this section, we present an extensive set of simulations
to validate the derived statistical model for the city and
network operation after the earthquake hits and evaluate
the performance gains achieved by adopting the proposed
MDRU s routing solution. In the considered simulation setup,
the default model parameters’ values for the Manhattan
city and network deployment are selected to match their
counterparts in [34], [40]. Specifically, we set the block
size and road width to Rg = 75 m and Rg = 15
m [34], respectively, where, each road accommodates Rg =
4 buildings, and avenues are regularly placed with Q =
1.25 and Rq = 8 roads- separation intervals along both the
X and Y axes. Moreover, building heights are generated
using y = 11.5, while the distance between BSs is set at
1000 m (Ry = 577 m) [34]. The number of destination
points, which are the nearest vertices to collapsed BSs
for each MDRU, is defined as |7,|] = 4. The threshold
distance for sub-optimal MDRU deployment is defined as
I' = Ry+/3/2. Furthermore, the antenna height of the
MDRUSs and the vehicle width are set as V, = 9 m and
Va = 3.5 m, respectively [23]. All radio units operate
with a transmit power of 40 dBm and a bandwidth of 20
MHz [40]. As for the wireless communication environment,

2T should be less than the cell radius of BSs so that MDRU,, is not
deployed within the cell-coverage of other BSs.

31t is worth noting that determining K is non-trivial. In order to guarantee
a certain complexity, one can predetermine K as the maximum iteration
number to use as an additional termination condition.
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FIGURE 6. Building collapse probability analytical vs Monte Carlo simulation for
different y values.

we have n = 4 representing the path loss exponent,
and oy = 3 indicating the shadowing fading standard
deviation [40].

For the earthquake model parameters, we utilize the CY 14
earthquake model based on the NGA-West2 dataset [36].
Key parameters include M, = 6.5, Ry = 10 km, V30 =
500, Zip = 999, § = 90, 6 = 0, and T = 0. The study
covers an extensive area of 200 km? (R = 14140 m),
with the earthquake epicenter located at the top right corner
at coordinates y = (7.5 km, 7.5 km). To ensure high
spatial resolution, the heat maps are generated using 40,000
uniformly distributed sample points. These measurement
points were not representative of UEs deployment but
were strategically placed to evaluate network performance,
including SINR distribution and service availability, across
the spatial domain. For robust statistical analysis, 10> earth-
quake realizations are simulated, incorporating the derived
statistical models to assess the associated damage to network
infrastructure and road blockages.

A. POST-EARTHQUAKE DAMAGE MODEL VERIFICATION
Figure 6 illustrates the probability of building collapse as a
function of the distance from the earthquake epicenter for
various y values. The close alignment between the analytical
curves derived from (11) and the Monte Carlo simulation
results validates the accuracy of (11). As expected, the proba-
bility of building collapse decreases with increasing distance
from the epicenter, corresponding to a greater source-to-site
distance. This trend is attributed to the lower likelihood of
encountering higher PGA values as the measurement site
moves further from the earthquake epicenter.

In Fig. 7, we compare the empirical PDF of debris width
with the closed-form expression given in Lemma 1 for
various building heights. During the Monte Carlo validation
process, random building heights were generated using a
Rayleigh distribution to represent the variability in building
sizes within the affected area. Additionally, debris width
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y values.

values were generated following a triangular distribution, as
described in (12), to model the range of debris extension
resulting from building collapse. The close match between
the empirical and analytical results across all building heights
verifies the accuracy of the mathematical analysis and the
formula in (13).

Figure 8 presents the probability of an open road sec-
tion as a function of y for different street widths. The
plot demonstrates that the analytical formulas in (19)
and (20) are in exact agreement with the results obtained
through Monte Carlo simulations. It is evident from Fig. 8
that as building heights increase, the probability of road
section blockage—and consequently, the blockage of the
entire road segment—also increases. Furthermore, wider road
sections are shown to be less prone to blockage than narrower
sections, as depicted in Fig. 8, due to the larger passage
distance available for emergency vehicles. Finally, in Fig. 9,
the spatial distribution of the probability of building collapse
is depicted for an earthquake with a magnitude of M, = 6.5.
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FIGURE 9. The probability of building collapse with our adopted PGA value and
fragility stochastic model.

B. NETWORK RESTORATION PERFORMANCE

In this subsection, we elaborate on the numerical results
for network recovery, focusing on the SINR across vari-
ous metrics: mean and quantile values, the probability of
network service availability at different SINR thresholds,
and capacity comparisons between the before earthquake
(BEQ), after earthquake (AEQ), and response earthquake
(REQ) scenarios.

Figure 10 presents the SINR heat map for a single
realization across different scenarios. The BEQ scenario
shows uniform SINR performance throughout the area, in
contrast to the AEQ and REQ scenarios. In the AEQ
scenario, despite generally poor SINR performance, a notable
increase is observed in certain areas where surviving BSs
lose their neighboring BSs. This improvement is primarily
due to the reduction in interference signals from adjacent
base stations. However, as illustrated in Fig. 10 (c), road
blockages can restrict the coverage of MDRUSs, potentially
resulting in coverage gaps, particularly near y, as seen in
this single realization for the REQ scenario.

The SINR performance (in dB) for the BEQ, AEQ,
and REQ scenarios is further analyzed at different quantile
levels in Fig. 11 (a)-(b)-(c), (d)-(e)-(f), and (g)-(h)-(i),
respectively, following the order: 5%, 50%, and 95%. The
BEQ scenarios consistently exhibit uniform SINR, with
variations arising primarily from communication channels
and building heights, leading to minimal impact across
different quantile values. In contrast, the AEQ scenario
shows significant fluctuations in SINR performance. The
5% and 50% quantiles yield the poorest SINR outcomes
compared to the other scenarios, while the 95% quantile in
the AEQ scenario demonstrates the best SINR performance,
except near the earthquake epicenter. The exceptionally high
SINR value at the 95% quantile in the AEQ scenario can
be better understood by examining a single realization, as
shown in Fig. 10 (b).
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FIGURE 10. SINR performances (dB) with single realization in 200 km? area where the earthquake epicenter at (7.5 km,7.5 km) for (a) BEQ, (b) AEQ, and (c) REQ scenarios.

The REQ scenario, however, does not consistently perform
well, as indicated by the 5% quantile in Fig. 11 (g). This
inconsistency is due to the MDRUSs being unable to reach
optimal locations because of road blockages. Similarly, a
degradation in SINR performance is observed across all REQ
scenarios at different quantile values, particularly from the
farthest area of the earthquake epicenter to y since MDRUs
encounter higher road blockage probabilities closer to the
X . Additionally, the SINR performance in the REQ scenario
improves with higher quantile values. The SINR pattern in
REQ scenarios also differs from those in BEQ and AEQ
scenarios due to the deployment of MDRUs.

The average SINR (dB) comparisons are presented in
Fig. 12. The spatial distribution of the earthquake’s impact
on SINR performance is evident when comparing the BEQ
and AEQ scenarios. The presence of BS cell edges in the
hexagonal uniform deployment becomes apparent through
the SINR improvement at these edges in the AEQ scenario,
which results from reduced inter-cell interference (ICI).
The SINR improvement in the REQ scenario compared to
AEQ is highlighted in Fig. 12 (b), where the deployment
of MDRUs contributes to enhanced SINR performance.
The comparison between BEQ and REQ, as shown in
Fig. 12 (c), demonstrates that the REQ scenario with
MDRUSs compensates for earthquake damage, resulting in
an average SINR performance of approximately 0 dB across
the considered area.

Figure 13 illustrates the probability of network service
availability for SINR thresholds of —4 dB, 0 dB, and 4 dB,
organized as (a)-(b)-(c) for BEQ, (d)-(e)-(f) for AEQ, and
(g)-(h)-(3) for REQ scenarios. The Fig. 13 (d)-(e)-(f) clearly
reflect the impact of the earthquake on the communication
system. In AEQ scenarios, network service availability drops
by approximately 35%, 25%, and 15% on average for the half
of the area closest to x, corresponding to SINR thresholds
of —4 dB, 0 dB, and 4 dB, respectively. The efficacy of
the proposed approach in restoring network performance
in the REQ scenario is demonstrated in Fig. 13 (g)-(h)-(i).
Compared to the BEQ scenario shown in Fig. 13 (a)-(b)-
(c), the REQ scenario shows significant recovery in network
service availability across all threshold levels. However, the
probabilities differ from the BEQ scenario due to the absence
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of a pure uniform deployment of MDRUs. Additionally,
network service availability near the x location exhibits
slightly lower performance compared to areas farther from
the epicenter, due to higher road blockages. For example,
in the scenario with a —4 dB threshold shown in Fig. 13
(g), the area farthest from the earthquake epicenter nearly
maintains full network service, similar to the BEQ scenario
in Fig. 13 (a). However, this consistency is not observed in
the area closer to the earthquake epicenter.

The simulation results for the average capacity
performance across the three scenarios are presented in
Fig. 14. The evaluation, based on CDF curves, shows that
the REQ scenario performs similarly to the BEQ scenario
for capacities between 0.3 and 0.8 Mbps. However, for
the remaining capacity values, BEQ slightly outperforms
REQ. This difference in performance is mainly due to the
imperfect uniform deployment of MDRUs and the absence
of MDRU deployments in unreachable locations, particularly
those closest to the earthquake epicenter. The AEQ scenario
exhibits the poorest capacity performance, which is attributed
to the collapse of BSs and the subsequent loss of radio
resources, resulting in limited resource sharing. Although
AEQ can produce very high SINR values, as seen in Fig. 11
(f) with the 95% quantile, the actual capacity performance
is compromised due to the limited availability of resources.

Lastly, the performance of the proposed routing algo-
rithm across different earthquake magnitudes is evaluated.
As a benchmark for the routing method, the traditional
Dijkstra with uniform weight distance-based algorithm is
considered. The travel time results from both approaches
are calculated and compared in Fig. 15. In every sce-
nario, the proposed routing algorithm demonstrates superior
performance by statistically predicting blocked roads and
minimizing backtracking. For minor earthquakes, where
road blockages are minimal, the earthquake city model
is not fully exploited. However, notable improvements are
observed after magnitude 5, with performance enhancements
reaching approximately %31 compared to the distance-
based approach. Moreover, it’s important to note that the
proposed algorithm’s performance improvement does not
always increase with higher magnitudes due to the dense
road blockages within the city. Nevertheless, the proposed

683



DURANAY et al.: POST-EARTHQUAKE NETWORK RESTORATION

b (3
T T T T (1) T T T (|) T 90
7500 1 7500
R EEEEE R JE R R 80
LR I R U B B O I R R O N LR B B B B B B R B B B B B
R B I I I O B LA A R B B B 2 B R B B B 70
LR I R R B B U U B R O R LR R B B B B B B B k- B B B
.- » . » LR B B B R R R R R R R R 60
2500 - 2500
50
5 5 LR B R B R R R B B R B B B
Eo- 'EO R 40
LR R R B B R B R B R R R B
O 30
-2500 -2500 R LR R R
COARRBOORENERLRLY 2
LA R R R B R B R B R R R B 10
R R R R R R R R R -
C 0
. . . 7s00t | ) ) ] ) qrsoo, L - "
-7500 -2500 2500 7500 7500 2500 0 2500 7500 -7500 -2500 0 2500 7500
" ¥ 7s00f 7500 %
80
70
60
2500 2500
50
3 o]
Tof T0 40
£ £
30
2500 | -2500
20
10
0
. . . L J-7500 | ] ] . _q-7500 o
7500 -2500 2500 7500 -7500 2500 0 2500 7500
T T 90
* | 7500 7500
LTS 80
AL A
.
S8 -
gk
o do 60
2500 2500 " "N
% Q.l 50
5 5 550 &
Sor g0 8 92 8 a0
& on m »
2538
2500 -2500 8&9'85’ e
[y 2
% % 3 10
* & b
> 0
2002
: . N L 7500 . ] ] , 1-7500 18,
-7500 2500 2500 7500 -7500 -2500 0 2500 7500 -7500 -2500 0 2500 7500
FIGURE 11. SINR performances (dB) for BEQ (a)-(b)-(c), AEQ (d)-(e)-(f), and REQ (g)-(h)-(i) scenarios at different quantile values with the same order: %5, %50, and %95.
T 30
25
20
15
10
15
0
-5
-10
-15
L . L . %0

7500

FIGURE 12. Mean SINR (dB) differences for (a) BEQ-AEQ, (b) REQ-AEQ, and (c) BEQ-REQ.

684

VOLUME 6, 2025



~IEEE
ComSoc

IEEE Open Journal of the
Communications Society

(@)

"1 7s00F " 7s00f 100
BOSPPPESTRESS 9%
[ ) @
A o
( |
'NNNX'A%J*LL&AX Y
M
2500 | ‘{r:r: ;’ﬁﬁ x'r:f‘r‘: | {2500f
60
. ‘VIV‘V‘JWNLL L‘vx‘lvx 5
Q L -
sof YYYYYY g0 50
g ‘.3#{"{‘,@* XX XXX 1%
KKK XX XXX X XXX X .
s0f (‘rrr Ty 'y Sttt et {2soot
PSS SELS N 30
)
v y
Deocsccssssccsce -
‘)%#VKNLNX v*fv‘vx
PAAAAAAA A A AA A A, 10
) ) ) ) _|-7s00t {-7500 .
7500 2500 0 2500 7500 7500 -2500 2500 7500
. (d) i . 100
7500 q 7500
P 190
<80
170
2500 2500
60
o 5
@ 0 @0 50
£ £
40
2500 4-2500 F
30
20
10
_
) 7500 ) ) 7500}
7500 2500 0 2500 7500 7500 -2500 2500 7500 7500 2500 0 2500 7500
(9)
i %] 7500F " *] 7500 10
)
]
80
70
2500 1 4 2500
60
& I}
0 90 50
£ E
J 40
2500 . 4-2500
30
20
' 10
7500 | ) ) 7500
-7500 -2500 0 2500 7500 7500 -2500 2500 7500 -7500 2500 0 2500 7500

FIGURE 13. The availability percentage of network service for BEQ (a)-(b)-(c), AEQ (d)-(e)-(f), and REQ (g)-(h)-(i) scenarios with the same order of thresholds —4 dB, 0 dB, and

4 dB.

method effectively routes the MDRUs to facilitate network
restoration by reducing travel distance and subsequently
reducing overall travel time.

VI. CONCLUSION

In this paper, we proposed a realistic post-earthquake
network model that serves as a foundational framework for
future research on post-earthquake wireless communication
network planning and optimization. Notably, this work
is the first to jointly present a seismic-based city and
network destruction model, which is then utilized for the
routing and deployment of MDRUs to restore network
coverage. Through extensive simulations, we validated the
accuracy of the derived city and network destruction models.
Furthermore, we demonstrated the effectiveness of the
proposed MDRUSs routing approach in restoring network
coverage to pre-earthquake levels in most regions, while

VOLUME 6, 2025

significantly reducing network restoration time compared
to road blockage-agnostic shortest-path routing method.
Looking ahead, we suggest that future research should
consider the effects of cascaded power outages and backhaul
infrastructure damage. Additionally, by leveraging earth-
quake spatial distribution data, ABSs could be explored for
deployment in areas where MDRUSs have low accessibility.
Al techniques could also be explored to model network
collapse and optimize routing algorithms in post-disaster
environments. Moreover, the development of new channel
models based on debris characteristics and the altered city
landscape post-destruction could further enhance the realism
and applicability of post-earthquake communication network
models. Lastly, by collaborating with relevant stakeholders
or utilizing field test data, further validation of the proposed
models can be provided.
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APPENDIX A

PROOF OF LEMMA 1

To derive the distribution function of debris width stated
in (13), we start with the conditional probability of debris
width given in (12). Since in this study random building
heights are assumed, we integrate with respect to 4, to obtain
the PDF of debris width fo(w) as below:
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where (a) follows from the conditional distribution function
of debris width given a building height defined for different
intervals as in (12), (b) follows from explicitly substituting
the conditional probability of the debris width described
by the triangular distribution function and probability of
the building height defined by a Rayleigh distribution,
(c) follows the integral solution by using the substitution
method as explained in ([41], chap. 5) and after that
solving the non-elementary integrals [42], and (d) transition
represents the general result as stated in (13). Here, a, and
by, are the corresponding coefficients following from (c)
transition.

(25)

APPENDIX B

PROOF OF LEMMA 2

Let din be the threshold distance for the road section to be
open expressed as the difference between the road width Rg
and emergency vehicle width V;. For a Manhattan-grid city
model with Rayleigh-distributed building heights parameter
y the probability that a 57 , of the road segment €, , remains
unobstructed given that two buildings on opposite sides
collapsed can be expressed as

dn
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where (a) follows the solution of the inner integral by using
the substitution technique and computing the non-elementary
integrals, and (b) transition represents the final result as
stated in (19). For simplicity the notation dj, = dn — ' is
performed where () refers to the opposite side building and
Ci, Cj, Ck, Cl, Cm, Cy are the respective coefficients coming
from (a).

On the other hand, the probability that a s7; , of the road
segment €, , remains open given that a single building on
only one side of the road segment collapsed is provided by

din
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where (a) transition follows from integrating the debris width
PDF found as in (13) by using the integral substitution
method and evaluating the non-elementary integrals, (b)
represents the general expression stated in (20), and the terms
Cu, Cy, Cy, C; are the corresponding coefficients coming from
(a) transition.
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