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The swift recuperation of communities following natural hazards heavily relies on the efficiency of transporta-
tion systems, facilitating the timely delivery of vital resources and manpower to reconstruction sites. This paper
delves into the pivotal role of transportation systems in aiding the recovery of built environments, proposing an
evaluative metric that correlates transportation capacity with the speed of post-earthquake recovery. Focusing on
optimizing urban population capacity in the aftermath of earthquakes, the study comprehensively examines the
impact of pre-earthquake measures such as enhancing building or bridge seismic performance on post-earthquake
urban population capacity. The methodology is demonstrated through an analysis of Beijing’s transportation sys-
tem, elucidating how enhancements to transportation infrastructure fortify the resilience of built environments.
Additionally, the concept of a resource supply rate is introduced to gauge the level of logistical support available
after an earthquake. This rate tends to decrease when transportation damage is significant or when the demands
for repairs overwhelm available resources, indicating a need for retrofitting. Through sensitivity analysis, this
study explores how investments in the built environment or logistical systems can increase the resource supply

rate, thereby contributing to more resilient urban areas in the face of seismic challenges.

1. Introduction

Natural hazards, including earthquakes and hurricanes, imperil the
stability and function of built environments across diverse communi-
ties. In response to these threats, the emphasis on community resilience
has amplified, garnering substantial attention and validation from both
academic and policy-making sectors [1]. This has resulted in extensive
efforts to both define and quantify community resilience, with a focal
aim of pinpointing pivotal metrics for its measurement [2-5].

Community resilience revolves around four cornerstones: robustness,
rapidity, redundancy, and resourcefulness [6], as shown in Fig. 1. It’s
imperative to understand that resilience is an overarching characteristic
of communities, extending beyond the individual attributes of buildings
or infrastructure components [7,8]. Within these communities, the inter-
twined nature of components forms a cohesive framework that dictates
overall functionality. A disruption or failure in any single component
can trigger cascading effects, reinforcing the importance of unity and
integration within the community structure [9].

It is often viewed as an attribute of communities as a whole, rather
than individual infrastructure components or systems. A resilient com-
munity necessitates a resilient built environment comprising various
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sectors such as residential, commercial, educational, and governmental,
all of which are interconnected in maintaining community well-being
[7,8]. Therefore, it is essential to consider the interdependence between
these building sectors when assessing community resilience [11].

In the aftermath of hazard events, a community’s resilience depends
not only on the robustness of its building sectors but also on the per-
formance of its transportation system, which significantly impacts the
speed of the recovery process. While previous discussions on transporta-
tion system performance following hazard events have focused on as-
pects such as connectivity and travel time, few studies have specifically
analyzed the supportive role of transportation systems in the recovery
of damaged buildings [12]. However, this is a crucial issue as the re-
pair of damaged buildings relies heavily on the transportation system
for the delivery of essential resources, including materials, machinery,
and skilled labor [13].

This paper addresses this issue by firstly introducing a method for
assessing community functionality that takes into account the interde-
pendence among building sectors, specifically focusing on post-disaster
community population capacity or out-migration rate [14], and illus-
trates it using a simplified model of Beijing, China. We formulate the
optimal resilience-driven logistics planning as a sequential optimization
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Fig. 1. Schematic representation of community resilience (after [10]).

problem, demonstrating that it can be decomposed into multiple steps,
each constituting a capacity-constrained network flow problem.

Additionally, we define an indicator for evaluating the post-disaster
performance of transportation systems and introduce a network flow al-
gorithm to determine the optimal logistics plan, thereby facilitating the
quickest recovery of community functionality. Finally, through a case
study, the paper demonstrates the application of the proposed method
and evaluates the supportive role of transportation systems in the recov-
ery of the built environment following an earthquake.

2. Literature review

Building upon the research gap identified in the introduction, this
literature review aims to provide a comprehensive overview of the cur-
rent state of knowledge regarding community resilience and the role of
transportation systems in post-disaster recovery. The review is divided
into three main subsections, each contributing to the development of
the methodology presented in this paper.

The first subsection focuses on historical case studies, examining the
impact of past earthquakes on population dynamics and the significance
of transportation system recovery in enhancing community resilience.
By understanding the lessons learned from these events, we can better
inform the development of quantitative metrics for assessing population
capacity and outmigration, as well as the strategies for pre-earthquake
retrofitting of buildings and transportation infrastructure.

The second subsection explores the various metrics used to assess
community resilience performance. By reviewing the evolution of these
metrics and their relevance to the current study, we can identify the
most appropriate approach for quantifying community functionality and
its interdependence with different building sectors. This information is
crucial for developing the optimization framework for enhancing post-
disaster population resilience.

The third subsection delves into the role of transportation systems
in supporting community resilience. By examining previous research ef-
forts and identifying the limitations of existing approaches, we can bet-
ter understand the need for a more nuanced approach that considers the
multifaceted impacts of transportation infrastructure on post-disaster re-
covery and resilience. This understanding informs the development of
the resource supply rate indicator and the application of network flow
algorithms to determine the optimal logistics plan for rapid community
recovery.

Through this literature review, we aim to establish a solid foundation
for the methodology presented in this paper, ensuring that our approach
is grounded in the latest research and addresses the identified research
gaps effectively.

2.1. Review of historical cases

Drawing lessons from historical seismic events is crucial for under-
standing their impact on post-earthquake population dynamics and the
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pivotal role of transportation system recovery in bolstering community
resilience. This section reviews key insights gleaned from significant
earthquakes in recent history. The 1989 Loma Prieta Earthquake saw
basic emergency access restored within hours, with highway repairs
ranging from 6 days to 3 months [15]. Rail transit recovery varied,
with full restoration taking up to 2 months. Most lifelines were back
within 2 weeks, and overall transportation recovery took 2-3 months.
The 1994 Northridge Earthquake had major highways reopened within
days, with complete functionality restored in 2 weeks [16]. Rail lines
took up to 2 months to fully reopen. Lifelines were majorly restored
within 3 days, with 95% back in 9 days. Traffic normalized within 6
weeks, and overall recovery was achieved within 1.5-2 months. Ref.
[17] studied Kobe’s post-1995 earthquake transportation recovery. Ma-
jor roads were accessible within 24 hours, but complete network recov-
ery took over six months. Rail services faced longer disruptions, with
some subway lines taking over two years to fully restore. Traffic in Kobe
reached 90% of pre-disaster levels within three months, but full recov-
ery took over six months, which was slower compared to the recovery
times observed in the 1989 and 1994 California earthquakes. Following
the Kobe earthquake, the city experienced significant resident outflows,
primarily consisting of young families and workers, resulting in a pop-
ulation decrease of 50,000-100,000 in the first 1-2 years. By 2000, the
population rebounded, nearing pre-quake levels, but an aging demo-
graphic persisted. Around 10 years later, the age structure normalized,
while fertility rates remained low due to the loss of childbearing groups.
By 2010, 15 years post-quake, population growth and composition re-
covered, as evidenced by census data [18]. The 2008 Wenchuan earth-
quake severely disrupted transportation, hindering economic and struc-
tural recovery [19-21]. Damages included over 100,000 km of high-
ways and 1,500 km of national roads, totaling $2.5 billion in losses.
By three months post-quake, only 73% of roads were functional. Rail-
way repairs exceeded $1 billion, with full restoration spanning 3 years.
Expressways took up to 18 months to mend, and though airports re-
sumed operations within days, Chengdu airport’s full restoration took
a year. The Wenchuan earthquake displaced 1.5 million people, with
many seeking refuge in other provinces. Over 50% of households in
damaged Beichuan city reported out-migration. Analysis of census data
revealed a 5%-15% decline in the working-age population in quake-hit
regions from 2010-2015, indicating labor migration. By 2012, 270,000
people, mainly migrant workers, had resettled in other provinces due to
rebuilding efforts. Many also returned to rebuild by 2015, with over 90%
of temporary settlements abandoned. Return migration was spurred by
incentives, community ties, and limited prospects elsewhere. By 2020,
populations in heavily impacted areas rebounded close to pre-quake lev-
els, as shown by the census data.

2.2. Metrics for assessing community resilience performance

The focus on community resilience became particularly pronounced
following the catastrophic impact of Hurricane Katrina on Louisiana,
which highlighted the critical need for communities to be able to bounce
back from such devastating events. The aftermath of Hurricane Katrina
brought to the forefront the concept of population capacity and outmi-
gration as essential metrics for representing community resilience. His-
torical events have shown that significant outmigration occurs in the
aftermath of earthquakes. This shift in focus was due to the observed
large-scale displacement and migration of populations affected by the
disaster, which underscored the need for resilient communities that can
sustain and recover from such shocks. The ability of a community to
maintain or quickly resume critical functions and the capacity to absorb,
adapt, and recover from a disaster became central themes in resilience
research [22-29].

Subsequent research efforts have aimed to quantify the factors im-
pacting population capacity, recognizing that community resilience is
influenced by a multitude of factors. Among these, the damage to the
built environment and the performance of critical infrastructure have
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been identified as key determinants. The extent of damage to homes,
businesses, and public buildings directly affects the ability of a com-
munity to provide shelter, employment, and essential services, which
in turn impacts population capacity and the likelihood of outmigration.
Building on these insights, researchers have developed metrics that con-
sider the interaction between different sectors and the damage state of
built environments.

Ref. [30] defines resilience in terms of the ability of lifeline systems
(e.g., utilities, transportation) to withstand and recover from disrup-
tions, with metrics such as recovery time and service continuity rates.
Ref. [31] assesses resilience by the ability to restore critical load sup-
ply in power distribution systems post-disaster, incorporating electric
bus scheduling as a strategy to optimize the restoration process. Ref.
[32] proposes a roadmap for enhancing resilience by quantifying dam-
age rates and recovery times for transportation infrastructure under mul-
tiple hazard scenarios. Ref. [33] introduces quantitative measures for
assessing the resilience of water distribution systems, focusing on con-
tinuity of service, recovery speed, and the system’s ability to maintain
water supply under disruption. Ref. [34] evaluates resilience through
a case study of storm water drainage and road transport, quantifying
the inter-dependencies and their impact on system functionality post-
hazard. Ref. [35] discusses the resilience of coupled power and water
systems, emphasizing metrics such as system robustness, redundancy,
and adaptability to ensure uninterrupted services. Ref. [36] focuses on
the resilience of coupled urban traffic and electric power systems, us-
ing metrics such as traffic flow stability, power supply reliability, and
the systems’ collective ability to recover from disruptions. Ref. [37] de-
fines resilience as the ability of an interdependent traffic-electric power
system to withstand, adapt to, and quickly recover from disruptions,
emphasizing the importance of integrated strategies to enhance system
robustness and recovery capabilities.

In this study, we adopt the methodology outlined by ref. [14] to
develop metrics for quantifying the rate of outmigration following a
hazard. This comprehensive approach enhances our evaluation of com-
munity resilience by considering the intricate interplay among various
building sectors. For instance, our metrics might assess the extent to
which damage to commercial infrastructure influences economic activ-
ities and healthcare accessibility, thereby impacting the community’s
overall functionality. Notably, the outmigration rate is among the most
established metrics for assessing resilience. Through this perspective,
we further distinguish the functionality of the community from its trans-
portation network. This distinction allows us to conceptualize the study
in a manner where the transportation system is viewed as a supportive
element for community resilience.

2.3. The role of transportation systems in supporting community resilience

By quantifying the factors that contribute to community resilience,
policymakers and planners can identify vulnerabilities, allocate re-
sources more effectively, and implement strategies that enhance the
community’s ability to withstand and recover from future disasters. This
includes investments in strengthening critical infrastructure and enhanc-
ing emergency preparedness and response capabilities.

The transportation system plays a crucial role in community re-
silience, serving not only to ensure rapid access to healthcare following
disasters but also to facilitate the swift delivery of repair resources to
affected areas. The effectiveness of a transportation system’s operation
can significantly influence its support role in enhancing community re-
silience. Moreover, the absence of transportation support does not nec-
essarily compromise a community’s livability; for instance, if a nearby
community remains intact post-disaster, the affected community might
still sustain itself and avoid significant outmigration. Therefore, using a
single metric to directly describe post-disaster transportation effective-
ness may not accurately predict a community’s resilience. Hence, re-
search focused on understanding how transportation systems contribute
to increasing a community’s resilience is required, indicating a need for
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a more nuanced approach that considers the multifaceted impacts of
transportation infrastructure on post-disaster recovery and resilience.

In the past, research on post-disaster transportation systems often
focused solely on the recovery of the transportation infrastructure it-
self. One reason for this is that transportation science primarily empha-
sizes the restoration speed of transportation equilibrium and the design
of transportation systems. Additionally, simulating post-disaster trans-
portation itself poses significant challenges. Another reason is that many
studies believe that ensuring the rapid recovery of transportation sys-
tems potentially satisfies the demand for maximizing system resilience
[38-45]. Ref. [38] utilized a combined effects model to assess seismic
performance, focusing on metrics such as system functionality, down-
time, and recovery time for urban subway systems. Ref. [39] reviewed
various methodologies, including simulation and analytical models, to
measure traffic metrics like system reliability, accessibility, and service-
ability during disasters. Ref. [40] discussed resilience and vulnerability
assessment methods, modeling traffic metrics such as travel time re-
liability, network capacity, and rerouting flexibility under disruptions.
Ref. [41] analyzed transportation network performance using reliability
analysis, vulnerability assessment, and resilience quantification, focus-
ing on metrics like network robustness, travel delay, and service level
under perturbations. Ref. [42] investigated the role of transportation
infrastructure using risk assessment models, emphasizing metrics such
as infrastructure damage, functionality loss, and recovery speed post-
natural hazards. Ref. [43] coupled mode-destination accessibility with
seismic risk assessment, focusing on traffic metrics like accessibility loss,
travel disruption, and community isolation to identify at-risk communi-
ties. Ref. [44] developed an optimization-based framework for pre-and
post-earthquake risk management, modeling traffic metrics related to in-
frastructure resilience, recovery prioritization, and risk mitigation effec-
tiveness. Ref. [45] developed an agent-based model for post-earthquake
analysis of transportation networks, focusing on metrics such as route
choice behavior, traffic flow distribution, and network congestion levels
to assess and enhance system resilience and recovery strategies.

However, people seldom model the supportive role of the transporta-
tion system in resilience based on real resource distribution and oper-
ations. This paper seeks to bridge this research void. The paper first
introduces a metric for community functionality that considers the in-
terdependency among building sectors, illustrated through a simplified
model of Beijing city. Secondly, it defines an indicator for assessing the
performance of transportation systems after hazard events. Distinct from
connectivity-driven metrics commonly used in other post-earthquake
logistics studies, the supply rate encompasses both the damage to the
transportation network and the repair requirements for the damaged
built environment.Then, a network flow algorithm is introduced to find
the optimal logistics plan and the most rapid recovery process of com-
munity functionality. Finally, a case study is carried out to demonstrate
the application of the proposed method and evaluate the supporting
effect of the transportation system on the recovery of the built environ-
ment after an earthquake.

3. Methodology
3.1. Quantitative metrics of population capacity and outmigration

The measure of community functionality, as seen in Fig. 1, is re-
quired to quantify the community resilience. Conceptually, the commu-
nity functionality can be defined by the probability of an 'undesired out-
come’. In light of this, the degree of population out-migration following
a hazard event is chosen as an overall community resilience metric. The
occurrence of population out-migration highly depends on the damage
conditions of different building sectors, and certain community func-
tionality should be maintained to avoid it [46].

Four essential community functions are considered including hous-
ing, business, education and public service, and the buildings support-
ing each of these four essential community functions are respectively
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referred as residential building sector (RBS), business building sector
(BBS), education building sector (EBS) and public service building sec-
tor (PBS). The community functionality, F., which is the potential out-
migration rate, is defined as follows[14],

Fe=1-Le=1-1,,[DAM]I,, )

in which F. and L. are the overall community functionality and its
loss, ranging from O to 1; and [DAM] is a Damage Augmentation Matrix
accounting for the interdependency among the essential functionality
provided by the four buildings sectors, which is:

[ all aply aply  ayl
ayly ax» aply  ayl,
[DAM] = |a3l3  aply a3 aly
agly  aply  agly Qa4
[ 0.13 0301, 037, 027
0.30/, 0.04 0.28, 0.10I,
=1037[; 0283 0.13 0283 )
0.271, 0.10/, 0.28/, 0.05

where /; is the percentage of buildings in sector i becoming unoccupi-
able. The threshold value for acceptable functionality, F, is 0.87. The
detailed derivation for the [DAM] and the threshold of F can be found
in [14].

It is worth noting that the outmigration rate derived following [14] is
based on the assumption that the unoccupiable rate of each sector is
relatively small. A complete physical expression of the outmigration
rate can be written as: P = Y. p,(d,,d,.d3,d,)p,(d;,dy, d3, d,), where
p,(dy.,d,,ds,d,) represents the probability that a resident will outmigrate
when certain sectors are unavailable (for example, d; = 0 indicating loss
of residential buildings), and p,(d,, d,, ds, d,) is the probability of a resi-
dent being in a situation where some functional sectors are unavailable.
An example is p,(1,1,0,0), which denotes the probability of outmigra-
tion when both residential and business sectors are unavailable post-
earthquake. By summing over all potential damage states, we obtain a
full estimate of the outmigration rate, P,.

If we assume that the damage probabilities are small, we can neglect
higher order probabilities, e.g., p,(d, + d, + d3 + d, > 2) = 0, which is
generally reasonable if the building’s earthquake resistance is appro-
priately aligned with the seismic activity experienced. Under this as-
sumption, P, only needs to consider second-order interactions between
damage states, thereby reducing to a second-order function of the unoc-
cupancy rate. Following this, each variable of DAM can be interpreted
with a clear physical meaning as the probability that a resident will
outmigrate when some functional sectors are unavailable.

In setting the parameters DAM and the threshold for F, we directly
follow the approach described in [14], and the calibration conducted in
[9]. In their study, four functional states (FSs) Green, Yellow, Orange,
and Red are defined for each of these four community sectors employed
in this paper. Significant outmigration (PO) was assumed by [9] to oc-
cur in scenarios where at least two sectors were in the "Red” state or
three or more were in "Orange” or "Red”, covering 104 out of the 256
combinations. Following this methodology, Eq. (1) was calibrated by
optimizing DAM and F, values, resulting in a threshold L. of 13%
(i.e., 13% of outmigration), F- of 0.87 and a corresponding DAM.

3.2. Assessment of seismic performance for building infrastructure and
bridges

The relationship between structural response, 6, and seismic inten-

sity, IM, can be expressed in a power-law form [47,48]:
O=a-IM"-¢ 3

where a and b are parameters determined by regression analysis and &
is the random error associated with the power-law form. The structural
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response 6§ represents the maximum inter-story drift angle (ISDA, in ra-
dians) of a moment frame building, b typically varies between 0.8 and
1 when the building period is greater than 1 second. The logarithmic
standard deviation of &, which approximates the coefficient of variation
(COV) in # when IM is known, is typically 0.30-0.40 [49,50].

The fragility value, for an individual building, represents the proba-
bility of exceeding a specific limit state; for a group of buildings, it repre-
sents the proportion of buildings exceeding the limit state. For building
sector i as a whole, the ratio of buildings that are not safe to occupy (/;)
can be written by a log-normal distribution, considering as an average
over failure probability of all the buildings of the same type within this
community:

In(6,,;) — Ag;
li=1—q)< (cr,l) 9,1)
Co.i

where 6,,; is defined as the critical structural response threshold for
building sector i, above which the buildings in the sector are considered
unsafe to occupy; 4,; and ¢, ; can be obtained through simulation-based
methods introduced in [10] provided that fragility information on indi-
vidual buildings in the sector are available. We further define f; = 1 —I;
as the functionality index of building sector i.

The retrofit cost for sector i, C;, depending on building characteris-
tics, site conditions and retrofit options, can be determined by a hyper-
bolic function of retrofitted resistance as follows,

n; M;-
Ci=) Cy k- |
i ; i i (/’le,i )

in which C, is the individual building replacement cost; coefficient k;
is representing the retrofit cost factor associated with the building con-
struction type and site conditions for sector; u; ; and u,; are the post-
and pre-retrofit mean seismic performance of the building in terms of

“

®

ISDA computed from Eq. (3). Note that Zﬁ reflects the improvement in
0.i
seismic performance by retrofitting.

3.3. Strategies for pre-earthquake building retrofitting

The Cost Efficiency, Z;, of retrofitting sector i to enhance the overall
functionality of the community as a whole is as follows,

_0F df,

= . 6
YTof, dG ©
where
dFc -
57 St Y (a;+a,) o)
i J=Lj
dfi _dfi dh duy; ®
ac; B dhyg; dug; dC

in which m is defined as the total number of building sectors considered
in the analysis. Z; is a key parameter to determine the retrofit strategy,
and the building sector associated with the largest value of Z;,i = 1, ..4,
has the highest priority for retrofitting.

To enhance community functionality through retrofitting, this
framework suggests investing the budget in buildings with the highest
cost efficiency until either all funds are allocated or the desired resilience
functionality is achieved.

3.4. Optimization framework for enhancing post-disaster population
resilience

The earthquake has altered both the capacity and the logistics struc-
ture of the transportation network. In response to these changes, a net-
work flow model tailored to handle variations in material flow demand
and road capacity has been selected. This model aims to adapt to the
altered network dynamics effectively. The overarching goal is to min-
imize outmigration over a specified period. The rate of outmigration
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is represented by 1 — F, indicating that the objective is essentially to
maximize the resilience of community functionality, F.. The objective
function and optimization framework without constraint is written as:

T
F,
r}r\l[e;_x [) c®dt

1

©

In this context, the time immediately following the earthquake is
denoted as 0, and T represents the conclusion of the observed period.
The term F refers to the functionality of the community over time,
which may initially decrease following the disaster but is expected to
improve subsequently as repair resources are allocated to each dam-
aged property. The objective of maximization involves considering all
possible ways (N F,) in which resources can be distributed over time,
encapsulated by the concept of a temporal network flow.

Directly applying this continuous target poses challenges, particu-
larly when dealing with a finely resolved timeline. At such a granular
level, each time point would necessitate an optimal allocation of re-
sources across the transportation network. However, resources newly
introduced into the system may not yet have been distributed, poten-
tially obstructing traffic flow. A pragmatic approach to this issue in-
volves discretizing time into larger intervals, such as daily or monthly
segments. Under this framework, each road link is assigned a daily ca-
pacity limit, preventing the transfer of additional resources once this
threshold has been reached. This method simplifies the management of
resource allocation by aligning it more closely with the practical limita-
tions of transportation infrastructure and resource distribution logistics.

Then, the optimization target is written as:

T
(10)

Given a network with nodes (V), edges (E), edge capacities (C;(u, v))
at any time i to account for potential damage and subsequent repairs to
infrastructure post-earthquake, for each edge (u, v) subject to the follow-
ing constraints as follows,

(1) Time-Varying Capacity Constraints: The flow nf;(u, v) on any edge
(u,v) at any given time i must not exceed its capacity at that time, re-
flecting the dynamic availability of routes due to damage and repairs:

0<nfi(u,v) <Ci(u,v) V(u,v)€ E,Vi (11)

(2) Conservation of Flow: For every node, the total incoming flow must
equal the total outgoing flow, ensuring that the flow is conserved at each
node in the network:
Y onfiwny= Y
w:(v,w)eE

u:(u,V)ENF;

nfi(v,w) YveV (12)
In this section, we have developed an optimization framework to
enhance resource logistics. However, the complexity of the problem
presents significant challenges in finding a solution. In the subsequent
section, we will explore methodologies to address this issue in a numer-
ically feasible manner. Our approach involves two primary strategies:

* Sequential Piecewise Optimization: We will demonstrate that by divid-
ing the problem into sequential segments and solving each segment
individually, the overall solution remains optimal. This step involves
proving that a piecewise approach does not compromise the opti-
mality of the solution, ensuring that the segmented resolution aligns
with the global objective.

Temporal Reformulation of the Objective: We will piecewise the ob-
jective function to a temporal framework, enabling the application
of network flow algorithms. This reformulation is crucial for trans-
forming the problem into one that is more tractable for existing net-
work flow solvers, thereby making the complex optimization prob-
lem more manageable.

By employing these strategies, we aim to navigate the complexities
of the optimization problem, leveraging the strengths of the network
flow framework to achieve a numerically acceptable solution.
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3.5. Sequential optimization approach for resilience enhancement

3.5.1. Sequential piecewise optimization

First, we will reformulate the objective function to enable its decom-
position into multiple optimization problems, each corresponding to a
single time slice. This restructuring is pivotal for simplifying the overall
problem into manageable segments. Upon this division, we will demon-
strate that each segmented problem exhibits convexity. Leveraging this
characteristic, we can apply the theorem stating that the aggregate so-
lution of independent convex optimization problems is separable [51],
which is also know as forward Douglas-Rachford splitting scheme [52].

In this section, we reconceptualize the objective function in terms
of resources. As previously discussed, the community functionality, de-
noted by F_, is influenced by four building sectors. It can be understood
as a function reflecting the status of all buildings within the community.
Each building’s state is represented by a boolean variable b;. Conse-
quently, F, is expressed as Fo(b;,b,, ..., b,), where n represents the to-
tal number of buildings in the community. This formulation allows us to
directly link the functionality of the community to the specific condition
of each building, facilitating a more granular and effective optimization
of resources towards enhancing community resilience.

We proceed by examining the convexity of the community function-
ality, F, with respect to changes in the state of any building, denoted
as b;. Assuming b; represents a continuous variable, we find that F.
exhibits convexity. This is because F. fundamentally behaves like a
quadratic form, where each b; reflects the contribution of a building to
the overall proportion of functional buildings within its category post-
earthquake.

To operationalize this concept within our model, we identify a node
v(b;) that most closely represents the state of b;. It is posited that repair
resources are allocated exclusively to this node. To facilitate the flow of
resources within this framework, we introduce the concepts of a virtual
sink for resources, denoted as RS, and a virtual source of resources,
RR. These entities function as hyper-nodes external to the network E,
channeling all resources into the system from RR.

Given the principle of flow conservation, it is understood that all
resources eventually converge towards the sink. Each damaged building
is linked to the hyper-sink node RS, consuming a unit of resources at
each time step. Upon repair, the link connecting the building to the
sink is severed, indicating the cessation of resource allocation to that
building.

Then, if there is only one specific time step ¢, the optimization is
rewritten as:

n a t n aFI
, t — ms _c = ma _<
rg}fAdel,bz,...,b-)—I;nv‘gx;o %, Ab,-—r;l,gg;o 5, " (0(by). RS)
(13)
subjected to
0 < nfuv) < Cuv) Yu,v) € E,Vt (14)
Y nfiwv)y= Y nf(v.w) VveV/{RR RS} 15)

u:(u,v)eEE w:(v,w)eEE

And all sources, say a total amount of repair resources available for
allocation at the given time step of TR, go into RS through buildings,
with which
n

X (1 = bynf,(wib;), RS) = TR (16)
j=1

This scenario can be recognized as a convex optimization problem,
as which basically is linear programming of N F,. Given that each time
slice of the optimization exhibits convexity, and considering that the

solutions at any given time point are independentrelying solely on the
general state of the current F- without being contingent on the present
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Fig. 2. Map of Beijing city and the simplified logistic network.

decision variablesit follows that employing a forward Douglas-Rachford
splitting scheme is effective. According to this scheme, addressing each
of these sub-optimization problems in a sequential manner guarantees a
globally optimal solution. This methodological approach leverages the
inherent convexity and independence of time-sliced optimizations to
systematically converge on an optimal configuration for resource allo-
cation and community functionality enhancement over time.

3.5.2. Temporal reformulation of the objective

Upon closer examination of each time slice, it becomes apparent that
the problem inherently constitutes a network flow problem[53]. This
realization allows for the problem to be solved with a high degree of
efficiency, surpassing the speed achievable through traditional linear
programming methods. Such efficiency not only facilitates the stochas-
tic simulation of resilience across a multitude of earthquake scenarios,
but also empowers us to conduct comparative analyses of the system’s
resilience under various strategies. These strategies could include, for
instance, retrofitting buildings or bridges, thereby enhancing our un-
derstanding and approach to improving structural resilience.

4. Example and results
4.1. Description of example
A simplified model of Beijing City shown in Fig. 2 is established to

demonstrate the application of the approach, in which four building sec-
tors are considered. Each building sector includes three building cate-
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gories designed for different seismic intensity levels (SIL), i.e. SIL6, SIL 7
or SIL 8, corresponding to PGAs of 0.06g, 0.13g and 0.25g, respectively.
The number of buildings, the seismic response parameters and the basic
retrofit costs are shown in Table 1. The building number is estimated
from Beijing Municipal Commission of Urban Management[54].

In an effort to streamline our analysis, we initially posit that the ma-
jority of buildings within the studied communities, particularly in China,
are constructed with reinforced concrete frames. This assumption, while
simplifying, aligns with common construction practices observed across
various urban settings. The seismic response of these buildings, specif-
ically in terms of inter-story drift, is derived from Eq. (3), where the
parameter a is detailed in Table 1 and parameter b is uniformly set at
0.85 for all considered structures [55]. Given the inherent diversity in
construction characteristics within any given sector-ranging from vari-
ations in building heights and plan dimensions to differences in bay
sizes and foundation conditions-it is prudent to model the parameter a
as a lognormally distributed random variable, characterized by a coef-
ficient of variation (COV) of 0.3. Through Monte Carlo simulation, we
ascertain the mean and standard deviation of the seismic structural re-
sponse for individual buildings, thereby facilitating the assessment of
building category fragility for SIL 6, 7, and 8 within each sector as per
Eq. (4). The interrelation of seismic responses among buildings of the
same category (e.g., R7, R8, etc.) is estimated with a correlation coeffi-
cient of 0.7, aiding in the formulation of a group fragility function for
each building category. The resultant fragilities exhibit a COV of ap-
proximately 0.7, closely mirroring the COV of 0.75 recommended by
HAZUS-MH [56], thereby indicating a higher level of uncertainty for
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Table 1
Building sectors and their seismic behaviors.
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Retrofit cost per

Building Buildings (in Design Seismic building, Cyk
Building Sector Category thousand) a Intensity Level (SIL) (billion CNY)

R6 40 0.040 6(0.07g) 1.72
Residential building R7 50 0.024 7(0.13g) 1.89

R8 10 0.013 8(0.25g) 2.06

B6 0.046 6(0.07g) 5.15
Business buildings B7 10 0.026 7(0.13g) 5.66

B8 0.015 8(0.25g) 6.17

E6 2 0.036 6(0.07g) 2.57
Education buildings E7 2 0.021 7(0.13g) 2.92

E8 1 0.012 8(0.25g) 3.26

P6 10 0.044 6(0.07g) 0.86
Public service buildings P7 10 0.025 7(0.13g) 1.03

P8 5 0.014 8(0.25g) 1.20

building groups compared to the 0.30-0.40 range typically associated Table 2

with individual structures.

Subsequent to seismic events, buildings are evaluated and catego-
rized into one of five potential damage states-none (< 0.5%), slight
(0.5%-1%), moderate (1%-1.5%), severe (1.5%—-2%), and collapse (> 2%)-
utilizing the ISDA. Following this classification, we assume that build-
ings with moderate or more damage are deemed non-functional and
necessitate repairs before they can be deemed habitable again. It is note-
worthy that, when subjected to earthquake intensities surpassing their
design specifications-such as a structure engineered for a seismic inten-
sity of 7 (PGA = 0.13 g) experiencing an earthquake of intensity 8 (PGA
= 0.25 g)-the likelihood of the building being deemed unsafe for occu-
pancy is approximately 20%. This estimation is in harmony with empir-
ical findings regarding the seismic performance and fragility of extant
buildings within China [57]. Accordingly, this study chooses a critical
threshold, 6., ;, at 1%, reflecting a categorization wherein buildings ex-
hibiting either no or slight damage are considered habitable. In terms of
restoration, it is estimated that buildings with moderate damage neces-
sitate approximately one month for repairs, those with severe damage
require six months, and structures classified as collapsed are deemed to
have incurred a permanent loss of functionality.

In our study, we’ve simplified assumptions to reflect common urban
settings, mindful of balancing detail with practicality. Our use of ISDA
thresholds for assessing earthquake damage, while standard, may not
encompass all nuances. The conservative 1% non-functionality criterion
prioritizes safety but may not fit every building type perfectly. Further-
more, our estimated recovery timelines, from one month for moderate
damage to considering collapses as permanent losses, aim to provide
a framework for planning but could oversimplify the complexities of
actual reconstruction. These assumptions are foundational for our anal-
ysis, yet we acknowledge they represent a starting point for further re-
finement and discussion in urban seismic resilience research.

The transporting network in Beijing city is considered in this section,
and the study is limited to the 4 ring roads and 10 linking roads, as
shown in Fig. 3. This network model consists of 37 nodes and 56 links,
and the total number of bridges is 36. The network is defined in terms of
nodes and links. A node is at the location where two or more highways
intersect (usually interchanges). A link is defined by a line between two
nodes with no other nodes in between.

In the context of Beijing city’s topology, we initially constructed the
graph N F,, as illustrated in Fig. 3. Here, the source node RR represents
a hypothetical node connected to all nodes on the 5th ring, serving as
the entry point for all resources transported from other cities to Beijing.
Conversely, the sink node RS is another hypothetical node linked to
all network nodes, symbolizing the distribution endpoint. The capacity
(C,(u,v)) of each edge (nf,(u, v)), is influenced by factors such as average
travel speed, number of lanes, and road condition, which collectively
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Loss in road capacity once the bridge is damaged.

Damage state ~ None  Slight = Moderate  Severe  Collapse

Capacity loss 0 20% 50% 100% 100%

determine its designated traffic flow capacity [58]. Fig. 3 displays the
normalized daily capacities. It is assumed that every group of one thou-
sand buildings requires five units of resources at each time point to get
repaired.

We assume the damage to bridges to be statistically independent,
and the capacity C,(u, v) is set based on the damage state, as detailed in
Table 2, by a ratio relative to the designated traffic flow capacity.

Resource allocation at each node can be modeled through the fol-
lowing steps:

1. Simulate the damage state of bridges and buildings to establish the
road system’s capacity matrix.

2. Construct the flow network N F,, incorporating the source node RR
and sink node RS into set N F;, and then assess the cost at each node.

3. Distribute the shipped resources based on the optimal solution de-
rived from network flow analysis, subsequently updating the dam-
age state of each building, revising the node costs, and repeating this
step for subsequent daily analyses. This iterative process generates
a sample of the city’s recovery trajectory.

City transportation system comprises numerous structural compo-
nents; among them, bridges are the most vulnerable components under
earthquake excitations. Similar to the buildings, the bridges of Beijing
city were also designed and constructed according to 3 seismic inten-
sity levels. In the previous study [59], bridge fragility information was
expressed as a function of peak ground acceleration (PGA), and it was
assumed that the curves be expressed in the form of two parameter log-
normal distribution function. The fragility curves of bridges of Beijing
city is shown in Fig. 4, in which the damage state is classified into 5
categories, i.e., none, slight, moderate, severe and collapse. Once the
bridge is damaged, Table 2 shows the loss of traffic capacity depending
on the degree of damage.

4.2. Resource supply rate

To evaluate the supporting effect of transportation system to the re-
covery of built environment, resource supply rate is proposed in this
section. For an individual building, the resource supply rate, r;,;, is de-
fined as:

= an
1,

Find =
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Fig. 3. Map of Beijing city and the simplified logistic network.
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in which II, denotes the demanding resources daily for the full speed
recovery of the concerned building, IT; denotes the supplied resources
daily to the building through the transportation system. As for the whole
community, the resource supply rate, r, is defined as a weighted average
of rjpq of all buildings in the community
Zt 2 WijTind,ij
po 2L VY (18)
)y j=1 Y w; j

in which rjpq ;; is the resource supply rate for the i th building in the j
th building sector, wj; is the weighting factor, which is determined by:

df;

0F
a1l

ij — afj

19)

in which % distinguishes the importance of different building sector to
j

df
s reflects

the difference in cost efficiency of repairing different individual building
in a building sector.

Computationally, for each post-earthquake bridge damage scenario,
the resource supply rate can be obtained from the model by following
these steps:

the functionality assessment of the whole community, and

.

Determine the demanding resources (I1,,) required for the full-speed
recovery of each individual building in the community. This infor-
mation can be based on the extent of damage, building type, and
size.

Calculate the supplied resources (II,) that can be delivered daily
to each building through the transportation system, considering the
damage to the transportation infrastructure and its remaining capac-
ity.

Compute the resource supply rate for each individual building
(ina;;) using Eq. 17, where i represents the building index and j
represents the building sector (e.g., residential, commercial, indus-
trial, or public).

Evaluate the weighting factors (w;;) for each building using Eq. 19.

.

.

The term % represents the importance of different building sectors
j

. . . L df
to the overall community functionality, while % accounts for the

variation in cost efficiency of repairing different individual buildings
within a sector.

Calculate the overall resource supply rate (r) for the entire commu-
nity using Eq. 18, which is a weighted average of the individual
building supply rates. This step takes into account the weighting fac-
tors determined in the previous step, ensuring that the contribution
of each building to the overall supply rate is proportional to its im-
portance and cost efficiency.

.

The supply rate’s spectrum, extending from O to 1, provides a nu-
anced understanding of the disaster recovery process. A value of 0 sig-
nifies a complete absence of resources for building repairs, painting a
scenario of stalled recovery efforts due to logistical challenges or severe
infrastructure damage. Conversely, a supply rate of 1 indicates an op-
timal scenario where the available resources are sufficient to meet all
repair needs, ensuring a swift and efficient recovery process. This ideal
state suggests that the transportation system, despite potential damages,
retains enough capacity to distribute resources effectively, or that the
demand for repairs is low enough to be fully met under the circum-
stances. From this perspective, it is crucial to strategically assess how
well a city’s transportation infrastructure aligns with its built environ-
ment for earthquake resilience purposes.

4.3. Community resilience assessment and post-earthquake logistics
Having defined the supply rate, we can now initiate a Monte Carlo

simulation to analyze post-earthquake resilience, taking into account the
constraints imposed by the transportation logistics capability. Assuming
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800

I immdiate
[ one month
600 | [ two months N
[ lhalfayear
2 [ TJayear
c
S 400
o
o
LC
200

0 0.2

0.4 0.6 0.8 1

Supply Rate
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an earthquake with a Peak Ground Acceleration (PGA) of 0.25g, which
results in damage to buildings and bridges, we conducted 1000 sim-
ulated scenarios to assess the damaged state of Beijing’s infrastructure.
These simulations yielded a collection of recovery trajectories, the prob-
abilities of which are depicted in Fig. 6 using varying shades of color in-
tensity. The shading becomes redder as it approaches the median value,
indicating a higher probability, while a lighter shade signifies a lower
probability.

Fig. 5 features a solid black curve representing the median recov-
ery trajectory, which reveals that, on average, community functionality
is restored to an acceptable level (designated as F- = 0.87) within two
months. However, the recovery process is subject to significant uncer-
tainty, as demonstrated by the black dashed curves corresponding to the
10th and 90th percentiles. These variations indicate that, in the most
favorable scenarios, recovery is rapid, suggesting that with an intact
transportation network, resources are sufficiently distributed for prompt
building restoration. This finding will be examined in greater detail in
the subsequent supply rate analysis.

Conversely, in the least favorable scenarios, recovery could extend
beyond eight months before reaching an acceptable level of functional-
ity (F¢ = 0.87), indicating a protracted period of reconstruction. These
results underscore the vast range of outcomes within the simulated re-
covery processes.

The resource supply rate is also calculated using the simulated re-
sults, its probability distribution can be found in Fig. 6. It is a bar graph
that illustrates the distribution of supply rates to a city in the aftermath
of an earthquake. The graph categorizes the supply rate into five differ-
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Table 3
Optimum retrofit strategy under seismic intensity level
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Building Number(in

Building Sector thousand) Retrofit strategy Cost (billion)
Residential buildings R6, R7, R8 100 Not retrofitted 0.00
Business buildings B6 8 All are retrofitted to seismic level 7 30.96

B7, B8 12 Not retrofitted 0.00
Education buildings E6 2 All are retrofitted to seismic level 8 10.95

E7 2 All are retrofitted to seismic level 8 4.71

E8 1 Not Retrofitted 0
Public service buildings P6 10 30% buildings are retrofitted to level 8 7.46

P7 10 all are retrofitted to level 8 8.21

P8 5 Not retrofitted 0.00

ent time-frames: immediate, one month, two months, half a year, and a
year, suggesting the time elapsed since the earthquake event.

The distribution of the supply rate exhibits two distinct peaks, in-
dicating variability in post-disaster resource efficiency. Specifically, in
approximately 30% of the cases, the supply rate approaches 1 immedi-
ately after the earthquake, signifying full operational efficiency in re-
source distribution. Conversely, in about 70% of scenarios, the supply
rate is as low as 0.1, indicating a significant reduction in supply effi-
ciency. One month following the earthquake, the supply rate remains at
0.1 for 40% of the cases. This percentage decreases to 25% two months
after the event.

Continuing this trend, even after six months, the lowest 5% of cases
still experience a supply rate as low as 0.2, highlighting prolonged lo-
gistical challenges in certain scenarios. On a more positive note, these
results also suggest that there is a considerable probability of achiev-
ing a supply rate of 1, where the resources are ample for simultaneous
repair of all the necessary buildings, particularly if the transportation
infrastructure remains functional after the earthquake. This scenario un-
derscores the importance of robust transportation systems in facilitating
efficient post-disaster recovery.

In the next two sections, we will examine methodologies for
retrofitting the built environment to bolster the resilience of Beijing
City. The first approach involves retrofitting existing buildings prior
to an earthquake, while the second addresses the reconstruction of
bridges initially designed to lower standards. Subsequently, we will as-
sess and compare the resilience outcomes of these retrofitted scenarios
against the original, non-retrofitted cases, focusing on supply rate im-
provements and economic metrics. To enhance the comparative analy-
sis of the cost-effectiveness of building and bridge reinforcement, we
establish a common objective for both retrofitting measures: achiev-
ing a median system functionality level of F. = 0.87 within one month
post-earthquake after retrofit, which is considered within an acceptable
range.

4.4. Influence of pre-earthquake building retrofitting on disaster recovery

For pre-earthquake building retrofitting, our design approach ad-
heres to the investment efficiency determined by Equation 3, followed
by a gradual reinforcement of housing stock. For each increment of 0.05
in the initial community functionality (), we conduct a random simu-
lation of a magnitude 8 earthquake’s impact on the bridge system (with
PGA = 0.25g) and a stochastic simulation of system recovery, continu-
ing until the median system functionality (F) reaches 0.87 one month
post-earthquake. The optimum retrofit strategy is determined using the
proposed method based on cost-efficiency and is presented in Table 3.

Following the most cost-effective pre-earthquake retrofitting of ur-
ban buildings, the post-earthquake recovery trajectory is depicted in
Fig. 7, where the initial city Functionality Capability (F) reaches 0.84.
One month after the earthquake, the median city FC rises to 0.88, and
within two months, it reaches a median F. of 1. This represents a signif-
icant acceleration in recovery compared to the scenario shown in Fig. 5.
In the best-case scenario, the city’s F could be fully restored within a
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Fig. 7. Recovery trajectories with uncertainty range after build environment
retrofit (Similar to Fig. 5).

month. However, in examining the worst-case scenarios, we find that
the city still requires 4 to 5 months to return to pre-earthquake func-
tional levels. This suggests that pre-earthquake retrofitting alone may
not be sufficient to address all issues regarding community resilience
post-earthquake.

From an economic perspective, the estimated total cost of retrofitting
all buildings in Beijing amounts to approximately 60 billion CNY. This
investment could fund the reconstruction of around 300 highway in-
tersections, assuming a retrofitting cost of 0.2 billion CNY per intersec-
tion, as derived from [58]. Such funding would more than adequately
cover the overhaul of all existing lower-standard highway intersections
in Beijing, which number 36 in total. Notably, 23 of these intersections
are categorized as having relatively low anti-seismic grades, specifically
those located along the 4th and 5th Ring Roads. And 13 with higher
anti-seismic grades, located along the 2nd and 3rd ring roads.

4.5. Contribution of pre-earthquake bridge retrofitting to earthquake
resilience

Suppose all the bridges are rebuilt to a higher seismic intensity level
(this will cost around 7.2 billion), their seismic fragility curves are
shown in Fig. 8. Repeating the analyses above, the simulated recov-
ery trajectories are shown in Fig. 9. It can be seen that the time for the
built environment back to the acceptable level decreases to 1 months
on medium, and the variability of the recovery process is significantly
reduced compared with Fig. 5, demonstrating the improvement in the
supporting effect of transportation system to the recovery of damaged
buildings after the transportation network is retrofitted.

From the recovery curve of community functionality (F.), we ob-
serve that in the majority of scenarios, the city’s functionality can be
restored to an acceptable level within one month. Even in the worst-
case scenarios, recovery to an acceptable level is achievable within two
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Fig. 8. Fragility curves after retrofitting.

months. Overall, the recovery outcomes are slightly better than depicted
in Fig. 7. However, due to the lack of building reinforcements, an initial
period of low functionality period post-earthquake is inevitable. On the
other hand, the transportation system could still suffer significant dam-
age, potentially leading to a two-month period during which the city’s
functionality remains low.

Fig. 9. Recovery trajectories with uncertainty range after transportation system
retrofit (Similar to Fig. 5)

4.6. Inter-comparison between three scenarios

In this section, we compile data on community functionality and sup-
ply rate for periods ranging from immediately after the disaster to six
months post-event. Community functionality, indicative of a commu-
nity’s capacity to accommodate its population post-disaster, or alterna-
tively, the inverse of the outmigration rate, is examined in Fig. 10. It is
evident that one month post-earthquake, cities with either retrofitted
buildings or bridges show significant recovery. However, it becomes
apparent that the scenario involving building retrofits exhibits much
greater uncertainty in resilience compared to bridge retrofits.
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Fig. 11. Sampled recovery trajectories of supply rate.

The supply rate, indicative of the extent to which repair needs can
be met, is analyzed in Fig. 11. Immediately following the earthquake,
both the non-retrofitted and bridge-retrofitted scenarios exhibit a wide
range of supply rates, from 0.1 to 0.9. In contrast, the scenario involving
retrofitted building environments achieves a supply rate very close to 1.
However, one month later, the supply rate in the building-retrofitted
scenario no longer maintains at 1. This decline occurs because the more
readily repairable buildings have already been fixed, leaving behind
those that are more challenging to repair due to limitations in trans-
portation logistics and bridge damage. Consequently, a relatively low
supply rate (approximately 0.9) persists throughout the six months fol-
lowing the earthquake. In the scenario with bridge retrofits, the supply
rate swiftly approaches 1 within four months post-event, indicating that
most buildings have been repaired. Compared to the baseline scenario
(no retrofit), both building and bridge retrofitting significantly enhance
the supply rate.

It is important to note that the supply rate merely reflects the pro-
portion of repair demands that can be met and does not guarantee rapid
recovery. The rate may not be monotonous; as buildings that are easier
to repair are addressed, those remaining are likely to have lower acces-
sibility. Moreover, the analysis reveals that ensuring the traffic system
is fully functional post-earthquake can significantly reduce recovery un-
certainty and expedite the process.

We can also explore the economic advantages of both building and
bridge retrofitting. In the case of Beijing, the cost associated with build-
ing retrofitting (60 billion CNY) significantly exceeds that of bridge
retrofitting (7.2 billion CNY), even though their resilience performances
appear to be quite comparable. However, this comparison may not hold
for smaller-scale communities. For instance, in a logistics and trans-
portation hub similar to Beijing, where numerous highways intersect,
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the expense of bridge retrofitting could remain substantial. Neverthe-
less, the cost of building retrofitting in such a community might amount
to only 10% of Beijing’s retrofitting expenses. It’s important to note that
Beijing’s population is 20 million, so a city with 10% of Beijing’s popula-
tion would still have 2 million residents, categorizing it as a large city. In
such scenarios, retrofitting buildings could also offer considerable cost
efficiency.

5. Concluding remarks and discussion

This study establishes a framework for optimizing logistics in the af-
termath of an earthquake. It introduces a novel metric, the supply rate,
to assess the functionality of the built environment within a commu-
nity after a disaster. Additionally, it proposes an indicator to evaluate
the capacity of the existing transportation system to support the recov-
ery process. Utilizing practical examples, the effectiveness of both the
community functionality metric and the proposed indicator-the resource
supply rate of the transportation network-has been illustrated. The re-
sults highlight the critical role of the transportation system in aiding the
recovery of the built environment, demonstrating the importance of in-
tegrating such metrics and indicators in disaster recovery planning and
execution.

Additionally, our research emphasizes the importance of aligning the
transportation system’s capacity to deliver post-earthquake resources
with the demand for repair resources. This alignment is vital for estab-
lishing resilience-driven design standards or retrofit guidelines aimed at
enhancing post-earthquake resilience in urban settings.

In terms of limitations, this study is that it does not utilize actual
earthquake data from Beijing, as the city has not experienced a ma-
jor earthquake in nearly 300 years. Consequently, the analysis is based
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on hypothetical scenarios built upon the actual built environment data.
However, this does not imply that Beijing is immune to the risk of an
magnitude 8 earthquake. In fact, during the 18th year of the Kangxi
Emperor’s reign (1679), a magnitude 8 earthquake struck Sanhe and
Pinggu, causing widespread damage and becoming the largest earth-
quake in Beijing’s history due to its high magnitude and extensive im-
pact. In future research, we plan to calibrate and refine our post-disaster
transportation recovery model using real-world events from different re-
gions, ensuring its applicability and robustness across various contexts.

This study also did not account for varying earthquake intensities,
which can result in disproportionate damage to buildings and bridges.
Consequently, the conclusions may not be universally applicable across
different seismic events. Furthermore, our analysis did not address the
potential randomness in the transportation system’s recovery, assum-
ing uniform repair times for buildings with similar damage states. This
simplification overlooks the complexity of stochastic logistical decisions
based on specific recovery situations, which could enrich the analysis
but would require more nuanced consideration. These would be promis-
ing topics for future study. When evaluating the economic metrics for
retrofitting the built environment, it is also crucial to consider the in-
corporation of new building technologies [60,61].

Currently, our pre-earthquake building retrofit strategy focuses
solely on the post-earthquake built environment conditions and does
not account for the potential benefits that could be derived from sup-
port in outer city areas. For example, lower design standards in these
areas might still yield benefits from improved logistics. On the other
hand, our pre-earthquake bridge retrofit strategy applies a uniform ap-
proach to enhance the earthquake resistance of specific types of over-
passes. We have not considered using retrofitting as a means to facili-
tate the recovery process because our current model only addresses a
single earthquake scenario and does not encompass a comprehensive
life-cycle maintenance study. Considering a life-cycle, full-span design
perspective, a more delicate retrofit strategy may enhance the recovery
process. This suggests a potential future research direction: developing
pre-earthquake retrofit strategies that fully consider the range of poten-
tial future events.

The generalizability of our findings is crucial for future studies. While
results from Beijing-a major urban and logistical hub-highlight the ef-
ficacy of retrofitting strategies, their applicability to other cities may
vary due to distinct geographical, infrastructural, and economic char-
acteristics. This variability suggests that retrofitting costs and benefits
demonstrated in Beijing might not directly apply to smaller or differ-
ently structured urban areas. Consequently, further research is neces-
sary to assess the model’s adaptability and the economic and practical
feasibility of retrofitting measures in diverse urban settings.

While we discussed the outmigration rate as a major metric repre-
senting economic and social factors related to resilience, there are other
crucial factors to consider. For example, the living standards of residents
who remain in the area post-earthquake could parallel the outmigration
rate in importance and merit discussion and management. Future work
should include a more comprehensive analysis of cost-effectiveness,
potential trade-offs, and long-term benefits of various retrofitting ap-
proaches proposed in the paper, moving beyond a single metric for a
one-year recovery period.

The relationship between transportation capacity and recovery speed
is complex and cannot be fully captured by a single metric. While es-
sential for enabling movement during recovery, transportation capacity
alone does not account for variations in logistical efficiency, infrastruc-
ture resilience, or pre-existing vulnerabilities. Additionally, factors such
as social cohesion and communication infrastructure significantly influ-
ence recovery speed. Communities with strong social ties and robust
communication networks are often more resilient, mobilizing resources
and coordinating responses more effectively.

While this paper primarily focuses on urban areas, it is crucial to
address the needs of rural communities in post-earthquake recovery as
well. Rural areas often face unique challenges that differ significantly
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from urban environments, including limited infrastructure, sparse pop-
ulation distribution, and reduced access to emergency services. These
factors can hinder effective recovery efforts and prolong the time needed
for communities to return to normalcy.

Moving forward, integrating real-time data acquisition and advanced
simulation techniques could significantly enhance our understanding of
dynamic resilience in urban areas. Merging real-time data, such as traffic
flow, bridge and road status, and resource allocation speeds, with simu-
lation models, could lead to more adaptable disaster response strategies.
These strategies warrant further discussion in subsequent studies. Addi-
tionally, developing decision-support tools that follow the optimization
framework of this study is also crucial. These are convincing future re-
search directions.

Relavance to resilience

Our study develops a post-earthquake recovery resources allocation
framework and introduces a metric - supply rate - linking transportation
capacity to post-earthquake recovery speed, providing a tool for assess-
ing urban resilience. It examines how pre-earthquake measures, like im-
proving building or bridge seismic performance, affect post-earthquake
urban population capacity, offering insights into strategies for enhanc-
ing built environment resilience. The methodology is applied to Bei-
jing’s transportation system, demonstrating how infrastructure improve-
ments can strengthen resilience. The practical application highlights the
framework’s potential for guiding urban planning and disaster manage-
ment decisions. Our study emphasizes the importance of retrofitting and
strategic investments in built environments and logistical systems to im-
prove urban resilience.

Data and Code Statement

The Matlab code for the numerical framework discussed in this
paper is accessible at GitHub (https://github.com/kelvinfkr/Beijing_
resilience_logistics), featuring the implementations for network flow
analysis and a ranking system for repair sequence prioritization. Ad-
ditionally, data on network topology and bridge damage states are also
available, providing essential resources to help readers compile and fully
understand the algorithm.
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