
1 

Modeling Interaction of Emergency Inspection Routing and Restoration 1 

Scheduling for Post-disaster Resilience of Highway-Bridge Networks 2 

Zhenyu Zhang1; Hsi-Hsien Wei23 

Abstract 4 

Post-disaster emergency restoration of damaged highway-bridge networks are crucial to those 5 

providing timely emergency assistance to disaster-damaged areas. Ideally, inspection routing 6 

and restoration scheduling should well complement each other, such that multiple inspection 7 

and restoration crews can operate simultaneously and optimally in the immediate aftermath of 8 

disaster events. Therefore, it is necessary to understand the interaction between inspection and 9 

restoration in post-disaster emergency-restoration process of highway-bridge networks, as well 10 

as such interaction’s impacts on the inspection-routing, restoration-scheduling and overall 11 

process. This paper proposes an integer program for modeling such inspection-routing and 12 

restoration-scheduling problems, accounting for the inspection-restoration interactions, for 13 

determining the optimal inspection routes and restoration schedules for damaged highway-14 

bridge networks, with the specific aim of maximizing the networks’ travel time as their 15 

resilience metric. A hybrid genetic algorithm coupled with an early-termination test is also 16 

developed to improve the proposed integer program’s computational efficiency. The results of 17 

a case study using the proposed method and data from China’s 2008 Wenchuan earthquake 18 

show that, as compared to a traditional sequential inspection-restoration model, simultaneously 19 

and optimally performing inspection and restoration can significantly improve highway-20 

bridge-network resilience. 21 
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Introduction  25 

Highway-bridge networks play a vital role in emergency response for disaster-damaged areas, 26 

as damaged networks can disrupt such response by impeding the transportation of rescue crews 27 

or humanitarian supplies among the areas that are meant to connect. Post-disaster emergency 28 

restoration-scheduling models aimed at maximizing such networks’ resilience – specifically, 29 

their functionality for emergency-response activities – have been widely studied (Yan and Shih 30 

2009; Miller-Hooks et al. 2012; Faturechi et al. 2014; Zhang and Miller-Hooks 2015; Li and 31 

Teo 2019; Liu et al. 2020). Though differing in various respects, the schedules generated by 32 

these studies have tended to assume that the actual state of disaster damage to transportation 33 

systems and their required restoration facilities are both fully understood in the immediate 34 

aftermath of disaster events. Such assumptions can have unfavorable consequences; however, 35 

insofar as emergency-restoration activities can be delayed by the weeks or months, it actually 36 

takes to inspect all affected bridges for the information of required restoration requirements to 37 

restoration crews within a disaster-hit highway-bridge network in real-world scenarios, 38 

especially if there is no effective strategy for inspection routing. Ideally, restoration and 39 

inspection can be performed simultaneously, with restoration commencing as soon as damage 40 

data and decisions about what restoration methods and facilities are required have been 41 

obtained via inspection to certain bridges; and such methods and facilities updated when and 42 

as further inspections yield new information after inspecting more bridges. This being the case, 43 

inspection routing can affect restoration scheduling, because restoring a bridge can only 44 

commence after it has been inspected. Conversely, restoration scheduling can also affect 45 

inspection routing, since a bridge under restoration will generally be impassable to inspectors’ 46 

vehicles, among others. Nonetheless, the discussion of this inspection-restoration interaction is 47 

generally neglected in current methods for post-disaster emergency restoration scheduling 48 

problems, while systematic approaches to post-disaster inspection routing appear to be lacking 49 

altogether.  50 

Post-disaster Restoration Scheduling and Inspection Routing for Transportation Systems 51 

The aim of post-disaster scheduling of transportation system restoration is to rapidly recover 52 

the damaged systems’ functionalities within a limited time. In the specific case of earthquakes, 53 

such scheduling can be divided into two general types: emergency (or short-term restoration), 54 



3 

 

and long-term restoration. The former emphasizes the speedy, if partial recovery of damaged 55 

transportation systems, primarily in support of emergency-response actions such as rescuing 56 

victims from damaged properties, and often should be completed in several days; whereas the 57 

latter aims to fully restore the damaged transportation system to its pre-disaster condition, and 58 

thus can take months or years (O'Connor 2010; ODOT 2017). Though they differ in terms of 59 

their focal system functionalities (e.g., travel distance, traffic time, or accessibility), most long-60 

term restoration studies have shared the general objective of returning the damaged systems’ 61 

functionalities to their original levels (Bocchini and Frangopol 2012; Chang et al. 2012; Ye and 62 

Ukkusuri 2015; Zhang et al. 2017; Twumasi-Boakye and Sobanjo 2019; Liu et al. 2020). 63 

Emergency restoration scheduling studies, on the other hand, have tended to focus on how best 64 

to meet victims’ urgent needs, such as by maintaining the flow of essential supplies, or 65 

performing rescues and evacuations (Tzeng et al. 2007; Hackl et al. 2018); and when cities and 66 

transportation systems are severely damaged, such responses can only be achieved after 67 

damaged transportation systems have been restored. For example, Yan and Shih (2009) 68 

proposed an integer program to optimize the post-earthquake emergency restoration schedules 69 

for seriously damaged roadways that would otherwise significantly impede the efficiency of 70 

relief distribution, as well as the schedules for such distribution. With the intention of 71 

maximizing the traffic capacity of a coupled railway-roadway network during the emergency-72 

response phase following a disaster, Miller-Hooks et al. (2012) proposed an optimization model 73 

for the selection of recovery activities, including the restoration of damaged infrastructure, the 74 

construction of temporary roadways, and the employment of particular traffic-management 75 

strategies. The same model also took account of resource constraints on recovery activities, 76 

including the availability of labor and funding. Similarly, with the aim of maximizing the traffic 77 

capacity of a rail-based freight-transportation system during emergency response, Zhang and 78 

Miller-Hooks (2015) optimized the schedules of emergency-recovery activities, taking 79 

resource limitations into consideration. Faturechi et al. (2014) proposed a model for 80 

maximizing the post-disaster takeoff and landing capacities of an airport’s runway and taxiway 81 

network via the optimal allocation of limited emergency resources to response actions. Given 82 

that routes impassable to restoration crews may become passable after they are restored, 83 

whether fully or partially, Li and Teo (2019) focused on both emergency-restoration schedules 84 

and restoration crews’ routes for supporting relief activities, including the evacuation of victims 85 
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and delivery of supplies. 86 

Though differing in various respects, the emergency-restoration scheduling generated in the 87 

above-cited studies has tended to proceed from an assumption that the actual state of disaster-88 

related damage to transportation systems and the corresponding essential restoration activities 89 

are immediately and completely known, and that restoration commences straightaway after a 90 

disaster occurs. In reality, however, information about the damage states of a transportation 91 

network’s numerous components and what will be required to repair them could only be 92 

obtained via a lengthy process of thorough inspection. For instance, the China Ministry of 93 

Transport’s guidelines for post-earthquake highway bridge inspection allow seven days for the 94 

preliminary inspection of those old bridges that have a high possibility of having been severely 95 

affected, and one month for the thorough inspection of all bridges in the affected area (MTC 96 

2013). Thus, emergency-recovery activities can be significantly delayed due to restoration not 97 

commencing until the actual levels and types of disaster damage to transportation systems and 98 

their corresponding restoration requirements are both fully understood – especially if there is 99 

no effective strategy for post-disaster inspection routing. 100 

Although in real-world scenarios, inspection reveals a highway-bridge network’s overall 101 

damage information only gradually, it is nevertheless reasonable to assume that restoration to 102 

a given component of the network can commence as soon as the damage information crucial 103 

to emergency-recovery activities is obtained via initial inspection. Therefore, assuming a clear 104 

division of labor between inspection and restoration crews, all emergency inspections after the 105 

first in a series can be performed simultaneously with restoration activities in two or more 106 

separate locations. In such a situation, however, interactions between inspection and restoration 107 

activities may impact the overall system-recovery process. Taking a highway-bridge network 108 

as example, inspection routing can affect restoration scheduling because restoration to a bridge 109 

can only be performed after it is inspected, while conversely, restoration scheduling can affect 110 

inspection routing because a bridge undergoing restoration will likely be impassable by 111 

inspection crews and an impassable bridge after restoration will become passable by inspection 112 

crews, thus leading to adjustments in their routes. 113 

It should be borne in mind, however, that inspection crews’ physical presence – i.e., generally, 114 

arrival at inspection sites in road vehicles – is considered a much more reliable approach than 115 
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other bridge-damage detection methods that rely on high-resolution satellite imagery or 116 

unmanned aerial vehicles, either of which may become impracticable in bad weather (Vigo 117 

2015). It is also noted that while some studies have looked at the optimization of road vehicle-118 

based inspection routing as part of the routine maintenance of bridges within highway-bridge 119 

networks that are completely passable (Faber and Sorensen 2002; Yan et al. 2016), their models 120 

are not suitable to be directly applied to post-disaster emergency inspection-routing problems, 121 

which must account for impassability due to damaged bridges and blockages arising from the 122 

aforementioned restoration actions. Lam and Adey (2016) have taken into consideration the 123 

impact of inspection activities on the restoration time, assuming that inspection should be done 124 

prior to restoration of a bridge, to model the recovery time of a damaged roadway network, and 125 

their model has been further applied to assess the functional capacity losses of road networks 126 

exposed to time-varying multiple hazards (Lam et al. 2018; Lam et al. 2020). Although these 127 

studies have considered the one-way impact of inspection on restoration scheduling, as noted 128 

above, restoration scheduling can also conversely affect inspection routing, and a two-way 129 

inspection-restoration interaction should therefore be investigated.  130 

Transportation Network Resilience 131 

Resilience was originally defined as the ability of an ecosystem to absorb disturbance from the 132 

surrounding environment and still maintain an equilibrium state (Holling 1973).This concept 133 

has been extended to the field of infrastructure systems, where it is generally defined as the 134 

ability of a system to resist and absorb the impact from disasters (Bruneau et al. 2003) and 135 

several studies have been conducted using such definition for the assessment of resilience of 136 

transportation systems (Murray-Tuite 2006; Bocchini and Frangopol 2012; Levenberg et al. 137 

2017; Calvert and Snelder 2018). In these studies, various system performance metrics have 138 

been used and system resilience can be measured as the temporal change in such performance 139 

during the post-disaster. In the quantification of the performance of infrastructure-systems in 140 

disaster events, Faturechi and Miller-Hooks (2015) thoroughly reviewed existing quantitative 141 

measures and grouped them into two categories: topological and functional. Topological 142 

measures, including systems’ connectivity, centrality, and betweenness, emphasize the relative 143 

locations of nodes and links in a network and are commonly used in the optimization of pre-144 

disaster network planning (Berche et al. 2009; Peeta et al. 2010; Ip and Wang 2011; Reggiani 145 

et al. 2015). Functional measures, on the other hand, focus on the inherent serviceability of 146 
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transportation systems, including travel time, travel distance, traffic capacity, and accessibility, 147 

and are often used in the optimization of post-disaster recovery strategies (Vugrin et al. 2010; 148 

Frangopol and Bocchini 2011; Chang et al. 2012; Taylor 2012; Zhang and Miller-Hooks 2015). 149 

Among these, travel time is the most commonly used indicator in the emergency response 150 

phase because travel time is considered the most critical factor affecting the movement of 151 

emergency response activities on highway-bridge networks (Orabi et al. 2009). Therefore, the 152 

present study adopts travel time as its proxy for system functionality and uses the temporal 153 

change in such functionality during the disaster-response phase as its system-resilience metric. 154 

To address the aforementioned gaps in existing post-disaster highway-network emergency 155 

restoration scheduling methods, the present study proposes an integer program with recursive 156 

functions for modeling post-earthquake emergency inspection-routing and restoration-157 

scheduling problems for a highway-bridge network system, with the aim of maximizing that 158 

system’s resilience, as measured in terms of its travel-time functionality. Unlike traditional 159 

emergency restoration scheduling models, which primarily focus on optimizing only 160 

restoration schedules, the proposed model is intended to reveal the impacts of the interaction 161 

between inspection and restoration on the overall inspection-routing and restoration-scheduling 162 

process, by assuming that multiple inspection and restoration crews can operate simultaneously. 163 

Additionally, this paper proposes a hybrid genetic algorithm (GA) that combines a heuristic 164 

approach with a traditional GA to improve the computational efficiency with which the 165 

proposed integer program can be solved efficiently to meet the special need for rapid decision-166 

making in emergency response phase following disasters. Additionally, an early-termination 167 

test methodology is designed to resolve possible issues arising from the inspection-routing and 168 

restoration-scheduling problems. The proposed model will then be tested using data from the 169 

2008 Wenchuan earthquake in China in three tests based on the same highway-bridge network 170 

and earthquake scenario, including a comparison of the network resilience resulted from the 171 

proposed inspection-routing and restoration-scheduling model and from a sequential 172 

inspection-routing and restoration-scheduling model, a sensitivity analysis of the impacts of 173 

the working time as well as the number of work crews on the network resilience, and a 174 

comparison of the computational efficiency and accuracy of the proposed early termination test 175 

and hybrid GA against a traditional GA without the proposed early termination test. It is hoped 176 

that the present research will serve as a basis for further studies of post-disaster emergency 177 
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inspection-routing and restoration-scheduling problems, with a wider aim of providing support 178 

for decision-makers tasked with drafting post-earthquake emergency-response strategies for 179 

highway-bridge systems. 180 

Problem Description 181 

This section defines the proposed post-disaster emergency inspection-routing and restoration-182 

scheduling problem for highway-bridge networks and next subsection describes the 183 

formulation of this problem by integer program. Firstly, losses need to be estimated by a rapid 184 

risk assessment immediately after earthquakes for practical decision-making purposes of 185 

emergency response. As such, such near-real-time loss estimation is generally done 186 

deterministically (McGuire 2001) and thus a deterministic method is used rather than 187 

probabilistic one for risk assessment of the highway-bridge systems in the present study. It is 188 

noted that the bridges’ actual damage states are assumed to be the same as the estimated damage 189 

ones in the present study. Therefore, instead of damage types and levels, the purpose of 190 

inspection in the present study is mainly to virtually investigate bridges’ actual required 191 

restoration activities, and to provide such information for restoration crews. 192 

Also, given that, unlike long-term restoration for restoring all bridges to their pre-disaster 193 

conditions, emergency restoration in the present study intends to partially restore damaged 194 

bridges primarily in support of emergency-response actions, the present study assumes that 195 

only the bridges in moderate, extensive, or complete damage are deemed to be inspected and 196 

restored to the level of slight damage as suggested by Bocchini and Frangopol (2012) that 197 

slightly-damaged bridges tend to make minimal effect on the traffic function of highway 198 

segments, and therefore the bridges in no and slight damage will not be inspected and restored.  199 

In the immediate aftermath of an earthquake, inspection crews start to leave from command 200 

centers for inspection and restoration works will leave from command centers and commence 201 

once information about required restoration activities of bridges has been collected by 202 

inspection crews. Inspection and restoration activities will be performed simultaneously on the 203 

network until reaching a given working time. 204 

Network Definition  205 

As shown in Fig. 1, a highway-bridge network system is abstracted as a network graph 𝐺 =206 
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(𝑁, 𝑆) , consisting of a number of nodes and highway segments, where 𝑁 =207 

{𝑁1
𝑐 , 𝑁2

𝑐 , … , 𝑁𝑛𝑐
𝑐 , 𝑁1

𝑏 , 𝑁2
𝑏 … ,𝑁𝑛𝑏

𝑏 }  is the set of nodes, including 𝑛𝑐  city nodes 𝑁𝑖
𝑐  and 𝑛𝑏 208 

bridge nodes 𝑁𝑖
𝑏 , and 𝑆 = {𝑆1, 𝑆2, … , 𝑆𝑛𝑠} is the set of 𝑛𝑠  highway segments 𝑆𝑖  between 209 

adjacent city nodes, which may include a number of bridges. 𝑙 = {𝑙1, 𝑙2, … , 𝑙𝑛𝑠} is the length 210 

of highway segments 𝑆 ; 𝑣0 = {𝑣0,1, 𝑣0,2, … , 𝑣0,𝑛𝑠}  is the design speed of 𝑆 ;  𝑐0 =211 

{𝑐0,1, 𝑐0,2, … , 𝑐0,𝑛𝑠} is the traffic capacity of 𝑆. Time is discretized into small increments of 212 

equal duration, i.e., 𝑡 = {0,1,2, … , 𝑇}. The notation used within the mathematical formulation 213 

is listed in Table 1 and Table 2. 214 

<Fig. 1.> 215 

<Table 1.> 216 

<Table 2.> 217 

Seismic-risk Assessment for Highway-bridge Networks 218 

According to the HAZUS technical manual (FEMA 2012), the conditional probability of a 219 

bridge being in, or exceeding, a particular bridge damage state given a certain intensity of 220 

ground motion can be estimated using the bridge’s seismic-fragility curve, as shown in Eq. (1), 221 

𝑃(𝑑𝑠 ≥ 𝐷𝑆𝑘|𝐼𝑀) = 𝛷 [
1

𝛽𝑘
ln (

𝐼𝑀

𝑚𝑘
)] , 𝑘 = 1,2,3,4              (1) 222 

where 𝑑𝑠 is the damage state of bridge, 𝐷𝑆𝑘 is the designated bridge damage state 𝑘, ranging 223 

from 1 to 4, representing slight, moderate, extensive, and complete damage, respectively; 𝐼𝑀 224 

is the ground-motion intensity; 𝛷(∙) is the cumulative density function of the standard normal 225 

distribution; 𝑚𝑘 is the median value of the ground-motion intensity for the bridge damage 226 

state 𝐷𝑆𝑘, and 𝛽𝑘 is the standard deviation of the logarithm of the ground-motion intensity for 227 

the bridge damage state 𝐷𝑆𝑘. 228 

Following a seismic event characterized by a given ground-motion intensity 𝐼𝑀 , the 229 

probability of a bridge being damaged to each of the five levels can be calculated using Eq. (2), 230 
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{
 
 

 
 
𝑃(𝐷𝑆0|𝐼𝑀) = 1 − 𝑃(𝑑𝑠 ≥ 𝐷𝑆1|𝐼𝑀)                            

𝑃(𝐷𝑆1|𝐼𝑀) = 𝑃(𝑑𝑠 ≥ 𝐷𝑆1|𝐼𝑀) − 𝑃(𝑑𝑠 ≥ 𝐷𝑆2|𝐼𝑀)

𝑃(𝐷𝑆2|𝐼𝑀) = 𝑃(𝑑𝑠 ≥ 𝐷𝑆2|𝐼𝑀) − 𝑃(𝑑𝑠 ≥ 𝐷𝑆3|𝐼𝑀)

𝑃(𝐷𝑆3|𝐼𝑀) = 𝑃(𝑑𝑠 ≥ 𝐷𝑆3|𝐼𝑀) − 𝑃(𝑑𝑠 ≥ 𝐷𝑆4|𝐼𝑀)

𝑃(𝐷𝑆4|𝐼𝑀) = 𝑃(𝑑𝑠 ≥ 𝐷𝑆4|𝐼𝑀)                                     

            (2) 231 

where 𝑃(𝐷𝑆0|𝐼𝑀) , 𝑃(𝐷𝑆1|𝐼𝑀) , 𝑃(𝐷𝑆2|𝐼𝑀) , 𝑃(𝐷𝑆3|𝐼𝑀) , and 𝑃(𝐷𝑆4|𝐼𝑀)  are the 232 

conditional probabilities of a bridge having no, slight, moderate, extensive, and complete 233 

damage, respectively. 234 

To convert the probabilistic bridge damage states obtained from the bridges’ fragility curves 235 

under a given seismic intensity to deterministic damage states, the present study adopts the 236 

bridge damage index (𝐵𝐷𝐼) proposed by Dong et al. (2014), which built on the works of Chang 237 

et al. (2000) and Gordon et al. (2004). In Dong et al.’s study, the 𝐵𝐷𝐼  of a bridge in an 238 

earthquake can be calculated by summing the product of the probability of all designated 239 

bridge’s damage levels, as calculated using Eq. (2), and their corresponding 𝐵𝐷𝐼𝑘, expressed 240 

in Eq. (3), 241 

𝐵𝐷𝐼 = ∑ 𝐵𝐷𝐼𝑘 ∙ 𝑃(𝐷𝑆𝑘|𝐼𝑀)
4
𝑘=0                  (3) 242 

where 𝐵𝐷𝐼0 , 𝐵𝐷𝐼1 , 𝐵𝐷𝐼2 , 𝐵𝐷𝐼3 , 𝐵𝐷𝐼4  are the 𝐵𝐷𝐼  values corresponding to no, slight, 243 

moderate, extensive, and complete damage, and their values are 0, 0.1, 0.3, 0.75, and 1.0, 244 

respectively, as suggested by (Chang et al. 2000), in which the values of 𝐵𝐷𝐼𝑘 for each of the 245 

five bridge damage states were estimated based on the statistical information of bridge damages 246 

in the 1994 Northridge Earthquake in the U.S.  247 

Accordingly, a bridge’s damage state can be determined by the bridge’s 𝐵𝐷𝐼 obtained by Eq. 248 

(3): no damage,  0 ≤ 𝐵𝐷𝐼 ≤ 0.05 ; slight damage, 0.05 < 𝐵𝐷𝐼 ≤ 0.2 ; moderate damage, 249 

0.2 < 𝐵𝐷𝐼 ≤ 0.525; extensive damage, 0.525 < 𝐵𝐷𝐼 ≤ 0.85; and complete damage, 0.85 <250 

𝐵𝐷𝐼 ≤ 1. The ranges of 𝐵𝐷𝐼 corresponding to each damage state were suggested by Gordon 251 

et al. (2004) based on the statistical data of bridge damages in the 1994 Northridge Earthquake 252 

in the U.S.  253 

It is noted that the structure of a highway segment itself is assumed to not be subjected to 254 

damage, and the damage of the highway segment is caused and can be estimated by the damage 255 

of all bridges on that segment. In other words, bridges within the network are the only elements 256 
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that can be affected by structural damage and can undergo inspection and repair interventions. 257 

As such, this study adopts the link damage index (𝐿𝐷𝐼) proposed by Guo et al. (2017), in which 258 

links are equivalent to highway segments in the proposed study, to classify the damage state of 259 

highway segments, into one of five levels: no, slight, moderate, extensive, and complete 260 

damage. The 𝐿𝐷𝐼 of a highway segment is determined by the 𝐵𝐷𝐼 of all bridges along that 261 

segment, expressed in Eq. (4), 262 

𝐿𝐷𝐼 = {
√∑ 𝐵𝐷𝐼𝑗

2𝑛
𝑗=1 𝐴𝑙𝑙 𝑏𝑟𝑖𝑑𝑔𝑒𝑠 𝑜𝑛 𝑡ℎ𝑒 𝑠𝑒𝑔𝑚𝑒𝑛𝑡 𝑎𝑟𝑒 𝑝𝑎𝑠𝑠𝑎𝑏𝑙𝑒

∞ 𝐴𝑡 𝑙𝑒𝑎𝑠𝑡 𝑜𝑛𝑒 𝑏𝑟𝑖𝑑𝑔𝑒 𝑜𝑛 𝑡ℎ𝑒 𝑠𝑒𝑔𝑚𝑒𝑛𝑡 𝑖𝑠 𝑖𝑚𝑝𝑎𝑠𝑠𝑎𝑏𝑙𝑒

   (4) 263 

where 𝑛 is the number of bridges on the highway segment, and 𝐵𝐷𝐼𝑗 is the 𝐵𝐷𝐼 of bridge 264 

𝑁𝑗
𝑏 on that segment.  265 

Adopting the same study of Guo et al. (2017), the damage state of a highway segment can then 266 

be determined according to the five damage states’ corresponding ranges of 𝐿𝐷𝐼: no damage 267 

(𝐿𝐷𝐼 < 0.5), slight damage (0.5 ≤ 𝐿𝐷𝐼 < 1), moderate damage (1 ≤ 𝐿𝐷𝐼 < 1.5), extensive 268 

damage (1.5 ≤ 𝐿𝐷𝐼 < ∞), and complete damage (𝐿𝐷𝐼 = ∞). It is noted that Eq. (4) suggests 269 

that a highway segment is considered to be complete damage if it contains at least one 270 

impassable bridge. Specifically, bridges in extensive or complete damage are deemed to be 271 

impassable after earthquakes because such bridges are considered structurally unsafe (FEMA 272 

2012). 273 

Residual Travel Time of Highway-bridge Networks 274 

The present study adopts travel time as the proxy for network functionality and uses the 275 

temporal change in such functionality during the disaster-response phase as network-resilience 276 

metric. The travel time on highway segment 𝑆𝑖 at time 𝑡, 𝑇𝑅𝑖
𝑡, can be calculated using the 277 

Bureau of Public Roads function (Martin and McGuckin 1998), as shown in Eq. (5),  278 

𝑇𝑅𝑖
𝑡 =

𝑙𝑖

𝑣𝑖
𝑡 × [1 + 𝛼 (

𝑓𝑖
𝑡

𝑐𝑖
𝑡)
𝛽

]                         (5) 279 

where 𝑙𝑖 is the length of highway segment 𝑆𝑖; 𝑣𝑖
𝑡 and 𝑐𝑖

𝑡 are the residual driving speed and 280 

traffic capacity of 𝑆𝑖  at time 𝑡 ; 𝑓𝑖
𝑡  is the traffic flow on 𝑆𝑖  at time 𝑡 ; the function 281 

parameters 𝛼 and 𝛽 are 0.15 and 4, respectively. Considering that the residual driving speed 282 
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𝑣𝑖
𝑡 and traffic capacity 𝑐𝑖

𝑡 of a highway segment will reduce depending on the damage states 283 

of the highway segment (i.e., 𝐿𝐷𝐼), the present study adopts Guo et al.’s study (2017) for 284 

determining 𝑣𝑖
𝑡  and 𝑐𝑖

𝑡  of highway segments with no, slight, moderate, extensive, and 285 

complete damage, being 𝑣0,𝑖  and 𝑐0,𝑖 , 0.75𝑣0,𝑖  and 𝑐0,𝑖 , 0.5𝑣0,𝑖  and 0.75𝑐0,𝑖 , 0.5𝑣0,𝑖  and 286 

0.5𝑐0,𝑖 , 0 and 0, respectively. Such suggestions on the values of 𝑣𝑖
𝑡  and 𝑐𝑖

𝑡  can be seen 287 

reasonable because they will decrease in line with damage states of the highway segments, as 288 

zero values of 𝑣𝑖
𝑡  and 𝑐𝑖

𝑡  of a highway segment in complete damage indicate that such a 289 

highway segment is impassable. 290 

Moreover, the post-earthquake traffic flow distribution on a damaged highway-bridge network 291 

is assumed to be user equilibrium, where users choose routes so as to minimize their travel 292 

time, and the traffic flow 𝑓𝑖
𝑡 on each highway segment can be obtained using the Frank-Wolfe 293 

algorithm (Florian and Hearn 1995). 294 

Furthermore, based on the travel time of each highway segment 𝑇𝑅𝑖
𝑡 , the pre-earthquake 295 

shortest travel time between cities, 𝑇𝑖𝑗, and the post-earthquake shortest travel time between 296 

cities at time 𝑇 (𝑡 = 𝑇 is a given working time after an earthquake), 𝑇𝑖𝑗
𝑇, can be calculated 297 

using the Dijkstra’s algorithm (Hougardy 2010), which is designed to search efficiently for the 298 

shortest travel time paths between nodes in a given graph. 299 

Network Resilience 300 

Adapting the transportation network-resilience qualification model proposed by Faturechi and 301 

Miller-Hooks (2014) for a practical post-earthquake situation where some cities in a highway-302 

bridge network are disconnected from the network due to complete damage of highway 303 

segments, the present study defines highway-bridge network resilience 𝑅𝑇  as the ratio 304 

between the pre- and post-earthquake highway-bridge network functionality (i.e., travel time) 305 

at a given working time 𝑇, as expressed in Eq. (6): 306 

𝑅𝑇 =
1

2𝑛𝑃
∑

𝑇𝑖𝑗

𝑇𝑖𝑗
𝑇∀𝑖,𝑗∈𝑁𝑐,𝑖≠𝑗                      (6) 307 

where 𝑇𝑖𝑗 is the pre-earthquake shortest travel time between city 𝑁𝑖
𝑐 and city 𝑁𝑗

𝑐 ; 𝑇𝑖𝑗
𝑇 is the 308 

post-earthquake shortest travel time between 𝑁𝑖
𝑐 and 𝑁𝑗

𝑐 at time 𝑇; 𝑛𝑃 is the total number of 309 

https://en.wikipedia.org/wiki/Shortest_path_problem
https://en.wikipedia.org/wiki/Shortest_path_problem
https://en.wikipedia.org/wiki/Vertex_(graph_theory)
https://en.wikipedia.org/wiki/Graph_(abstract_data_type)
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the shortest paths between 𝑛𝑐 cities in the network, and its value is 
𝑛𝑐∙(𝑛𝑐−1)

2
. 𝑅𝑇 ranges from 310 

0 to 1, and a larger value of 𝑅𝑇 indicates a higher level of network resilience (i.e., the value of 311 

1 indicates that the functionality of a network has fully recovered to its pre-earthquake level). 312 

Model Formulation 313 

Model Assumptions 314 

The present study has made several assumptions for the sake of easing the modeling of its focal 315 

problem. 316 

(1) A number of cities are set as command centers, where decisions on emergency response 317 

are made, and work crews (i.e., inspection crews and restoration crews) depart.  318 

(2) Work crews are assumed to work continuously during time period 𝑇 and not run out of 319 

fuel, electricity, or restoration materials, or require any replacement equipment. Thus, they 320 

will not need to visit their own or any other command center for replenishment after their 321 

work has started. It is also assumed that restoration scheduling is non–preemptive (i.e., 322 

once a restoration crew has begun repair on a given bridge, it must complete its work 323 

before moving to another bridge.) 324 

(3) A bridge will not be scheduled for restoration until it has been inspected.  325 

(4) The bridges undergoing restoration work will be blocked for repair, and thus they cannot 326 

be crossed by any work crew for the duration of that work. However, the bridges 327 

undergoing inspection work will not be blocked, and thus they can be crossed if they are 328 

not in extensive or complete damage. 329 

Model Formulation 330 

The proposed inspection-routing and restoration-scheduling problem can be formulated as (P): 331 

Eqs. (7)-(23)   332 

(P) max  𝑅𝑇                             (7) 333 

subject to 334 

∑ ∑ 𝑥𝑗𝑘𝑡∀𝑡∈{0,1,…,𝑇}∀𝑘∈{1,2,…,𝑛𝐼} ≤ 1, ∀ 𝑗 ∈ 𝑁𝑏                   (8) 335 

∑ ∑ 𝑦𝑗𝑘𝑡∀𝑡∈{0,1,…,𝑇}∀𝑘∈{1,2,…,𝑛𝑅} ≤ 1, ∀ 𝑗 ∈ 𝑁𝑏                    (9) 336 
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∑ 𝑥𝑗𝑘𝑡∀𝑗∈𝑁𝑏 ≤ 1, ∀ 𝑘 ∈ {1,2, … , 𝑛𝐼}, ∀ 𝑡 ∈ {0,1, … , 𝑇}                          (10) 337 

∑ 𝑦𝑗𝑘𝑡∀𝑗∈𝑁𝑏 ≤ 1, ∀ 𝑘 ∈ {1,2, … , 𝑛𝑅}, ∀ 𝑡 ∈ {0,1, … , 𝑇}                 (11) 338 

∑ 𝛼𝑖𝑗𝑘∀𝑗∈𝑁𝑏 ≥ ∑ 𝛼𝑖+1,𝑗𝑘∀𝑗∈𝑁𝑏 , ∀ 𝑖 ∈ {1,2, … , 𝑛𝑏 − 1}, ∀ 𝑘 ∈ {1,2, … , 𝑛𝐼}                (12) 339 

∑ 𝛽𝑖𝑗𝑘∀𝑗∈𝑁𝑏 ≥ ∑ 𝛽𝑖+1,𝑗𝑘∀𝑗∈𝑁𝑏 , ∀ 𝑖 ∈ {1,2, … , 𝑛𝑏 − 1}, ∀ 𝑘 ∈ {1,2, … , 𝑛𝑅}              (13) 340 

∑ 𝑥𝑗𝑘𝑡∀𝑡∈{0,1,…,𝑇} = ∑ 𝛼𝑖𝑗𝑘∀𝑖∈{1,2,…,𝑛𝑏} , ∀ 𝑗 ∈ 𝑁𝑏 , ∀ 𝑘 ∈ {1,2, … , 𝑛𝐼}               (14) 341 

∑ 𝑦𝑗𝑘𝑡∀𝑡∈{0,1,…,𝑇} = ∑ 𝛽𝑖𝑗𝑘∀𝑖∈{1,2,…,𝑛𝑏} , ∀ 𝑗 ∈ 𝑁𝑏 , ∀ 𝑘 ∈ {1,2, … , 𝑛𝑅}                  (15) 342 

∑ ∑ 𝛼𝑖𝑗𝑘𝑥𝑗𝑘𝑡𝑡∀𝑡∈{0,1,…,𝑇}∀𝑗∈𝑁𝑏 + ∑ 𝛼𝑖𝑗𝑘𝑇𝑗
𝐼

∀𝑗∈𝑁𝑏 +343 

∑ ∑ ∑ 𝛼𝑖𝑗𝑘𝛼𝑖+1,𝑝𝑘𝑥𝑝𝑘𝑡𝜏𝑗𝑝
𝑡

∀𝑡∈{0,1,…,𝑇}∀𝑝∈𝑁𝑏∀𝑗∈𝑁𝑏 ≤ ∑ ∑ 𝛼𝑖+1,𝑝𝑘𝑥𝑝𝑘𝑡𝑡∀𝑡∈{0,1,…,𝑇}∀𝑝∈𝑁𝑏 , ∀ 𝑖 ∈344 

{1,2, … , 𝑛𝑏 − 1}, ∀ 𝑘 ∈ {1,2, … , 𝑛𝐼}                        (16) 345 

∑ ∑ 𝛽𝑖𝑗𝑘𝑦𝑗𝑘𝑡𝑡∀𝑡∈{0,1,…,𝑇}∀𝑗∈𝑁𝑏 + ∑ 𝛽𝑖𝑗𝑘𝑇𝑗
𝑅

∀𝑗∈𝑁𝑏 +346 

∑ ∑ ∑ 𝛽𝑖𝑗𝑘𝛽𝑖+1,𝑝𝑘𝑦𝑝𝑘𝑡𝜏𝑗𝑝
𝑡

∀𝑡∈{0,1,…,𝑇}∀𝑝∈𝑁𝑏∀𝑗∈𝑁𝑏 ≤ ∑ ∑ 𝛽𝑖+1,𝑝𝑘𝑦𝑝𝑘𝑡𝑡∀𝑡∈{0,1,…,𝑇}∀𝑝∈𝑁𝑏 , ∀ 𝑖 ∈347 

{1,2, … , 𝑛𝑏 − 1}, ∀ 𝑘 ∈ {1,2, … , 𝑛𝑅}                        (17) 348 

∑ 𝑥𝑗𝑘𝑡(𝑡 + 𝑇𝑗
𝐼)∀𝑡∈{0,1,…,𝑇} ≤ 𝑇, ∀ 𝑗 ∈ 𝑁𝑏 , ∀ 𝑘 ∈ {1,2, … , 𝑛𝐼}                      (18) 349 

∑ 𝑦𝑗𝑘𝑡(𝑡 + 𝑇𝑗
𝑅)∀𝑡∈{0,1,…,𝑇} ≤ 𝑇, ∀ 𝑗 ∈ 𝑁𝑏 , ∀ 𝑘 ∈ {1,2, … , 𝑛𝑅}                      (19) 350 

𝑥𝑗𝑘𝑡 , 𝛼𝑖𝑗𝑘 ∈ {0,1}, ∀ 𝑗 ∈ 𝑁
𝑏 , ∀ 𝑘 ∈ {1,2, … , 𝑛𝐼}, ∀ 𝑡 ∈ {0,1, … , 𝑇}, ∀ 𝑖 ∈ {1,2, … , 𝑛𝑏}      (20) 351 

𝑦𝑗𝑘𝑡 , 𝛽𝑖𝑗𝑘 ∈ {0,1}, ∀ 𝑗 ∈ 𝑁
𝑏 , ∀ 𝑘 ∈ {1,2, … , 𝑛𝑅}, ∀ 𝑡 ∈ {0,1, … , 𝑇}, ∀ 𝑖 ∈ {1,2, … , 𝑛𝑏}      (21) 352 

∑ ∑ 𝛼𝑖𝑗𝑘∀𝑘∈{1,2,…,𝑛𝐼}∀𝑖∈{1,2,…,𝑛𝑏} ≥ ∑ ∑ 𝛽𝑖𝑗𝑘∀𝑘∈{1,2,…,𝑛𝑅}∀𝑖∈{1,2,…,𝑛𝑏} , ∀ 𝑗 ∈ 𝑁𝑏      (22) 353 

∑ ∑ ∑ ∑ 𝛽𝑖𝑗𝑙𝑥𝑗𝑘𝑡𝑡∀𝑡∈{0,1,…,𝑇}∀𝑘∈{1,2,…,𝑛𝐼}∀𝑙∈{1,2,…,𝑛𝑅}∀𝑖∈{1,2,…,𝑛𝑏} +354 

∑ ∑ 𝛽𝑖𝑗𝑙𝑇𝑗
𝐼

∀𝑙∈{1,2,…,𝑛𝑅}∀𝑖∈{1,2,…,𝑛𝑏} ≤ ∑ ∑ 𝑦𝑗𝑘𝑡𝑡∀𝑡∈{0,1,…,𝑇}∀𝑘∈{1,2,…,𝑛𝑅} −355 

∑ ∑ ∑ ∑ 𝛽𝑖𝑝𝑘𝛽𝑖+1,𝑗𝑘𝜏𝑝𝑗
𝑡

∀𝑡∈{0,1,…,𝑇}∀𝑘∈{1,2,…,𝑛𝑅}∀𝑝∈𝑁𝑏∀𝑖∈{1,2,…,𝑛𝑏−1} , ∀𝑗 ∈ 𝑁𝑏           (23) 356 

The objective function (7) seeks the maximum resilience 𝑅𝑇 that can be achieved within a 357 

given time period 𝑇. Constraints (8) and (9) ensure that no bridge is inspected or restored more 358 

than once. Constraints (10) and (11) ensure that a work crew can commence inspecting or 359 

restoring only one bridge at a time. Constraints (12) and (13) indicate the number of bridges 360 



14 

 

that are inspected or restored by a work-crew; for example, if ∑ 𝛼𝑖𝑗𝑘∀𝑗∈𝑁𝑏 = 1  and 361 

∑ 𝛼𝑖+1,𝑗𝑘∀𝑗∈𝑁𝑏 = 0 , the number of bridges to be inspected by inspection crew 𝑘  is 𝑖 . 362 

Constraint (14) builds the relationship between non-independent decision variables 𝑥𝑗𝑘𝑡 and 363 

𝛼𝑖𝑗𝑘 : specifically, if bridge 𝑁𝑗
𝑏  is inspected by inspection crew 𝑘 , ∑ 𝑥𝑗𝑘𝑡∀𝑡∈{0,1,…,𝑇} =364 

∑ 𝛼𝑖𝑗𝑘∀𝑖∈{1,2,…,𝑛𝑏} = 1 ; otherwise, ∑ 𝑥𝑗𝑘𝑡∀𝑡∈{0,1,…,𝑇} = ∑ 𝛼𝑖𝑗𝑘∀𝑖∈{1,2,…,𝑛𝑏} = 0.  Similarly, 365 

constraint (15) builds the relationship between decision variables 𝑦𝑗𝑘𝑡 and 𝛽𝑖𝑗𝑘. Constraints 366 

(16) and (17) are recursive inequalities for establishing the relationship between the start times 367 

of two adjacent work tasks performed by the same work crew. For example, for an inspection 368 

crew 𝑘, the time interval between the start time of its task 𝑖, e.g., the inspection of bridge 𝑁𝑝
𝑏, 369 

and its task (𝑖 + 1), e.g., the inspection of bridge 𝑁𝑞
𝑏, should be no less than the sum of the 370 

inspection time for 𝑁𝑝
𝑏 and the travel time from 𝑁𝑝

𝑏 to 𝑁𝑞
𝑏. Constraints (18) and (19) require 371 

that all inspection and restoration works are completed within 𝑇, and constraints (20) and (21) 372 

enforce binary-value requirements on the decision variables.  373 

As a critical part of this paper’s formulation of the interaction between inspection and 374 

restoration, constraints (22) and (23) ensure that bridges will be scheduled for restoration only 375 

after they have been inspected. Also, because the impacts of bridge-restoration work on 376 

subsequently used inspection routes and restoration schedules – i.e., the blocking and eventual 377 

unblocking of bridges – can lead to changes in between-bridge travel times, such impacts are 378 

captured via a recursive calculation of such travel times, 𝜏𝑖𝑗
𝑡 . Specifically, at time 𝑡′ when a 379 

work crew completes the inspection or restoration of a bridge, changes will occur in the 380 

network-state-related parameters, which include the set of bridges that have been inspected, 381 

the bridge damage index 𝐵𝐷𝐼𝑗
𝑡′, the link damage index 𝐿𝐷𝐼𝑖

𝑡′ , and the passability of highway 382 

segments 𝑆𝑖
𝑡′. Such change, in turn, affects both 𝜏𝑖𝑗

𝑡′ and 𝑇𝑅 𝑖
𝑡′ (Eqs. (4) to (5)). On the other 383 

hand, at time 𝑡 , i.e., during a work crew’s inspection or restoration of a bridge (𝑡 ≠ 𝑡′ ), 384 

network-state-related parameters remain unchanged. Accordingly, these parameters must be 385 

recalculated recursively at each time 𝑡′, hereafter referred to as the “identified time”, to update 386 

𝜏𝑖𝑗
𝑡′ . The process of updating 𝜏𝑖𝑗

𝑡′  is shown in Fig. 2. First, at each identified time 𝑡′, based on 387 

the 𝐵𝐷𝐼𝑖
𝑡′ of highway bridges, the 𝐿𝐷𝐼𝑖

𝑡′  of each highway segment is calculated to estimate 388 

the residual driving speed 𝑣𝑖
𝑡′, traffic capacity 𝑐𝑖

𝑡′, and traffic flow 𝑓𝑖
𝑡′ of them (Eq. (4)). Next, 389 
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based on 𝑣𝑖
𝑡′ , 𝑐𝑖

𝑡′, 𝑓𝑖
𝑡′, and the travel distance between adjacent nodes, the travel time between 390 

each pair of adjacent nodes is calculated using Eq. (5). Meanwhile, the bridges with extensive 391 

or complete damage or under restoration are labeled as impassable. Finally, the shortest travel 392 

time between bridges (𝜏𝑖𝑗
𝑡′) can be calculated using Dijkstra’s algorithm (Hougardy 2010). The 393 

proposed optimization model is summarized in Appendix 1. 394 

<Fig. 2.> 395 

Solution Methodology 396 

Hybrid Genetic Algorithm 397 

In the case of transportation systems, both vehicle-routing and restoration-scheduling problems 398 

are usually seen as NP-hard problems (Yan et al. 2014; Balcik 2017). The specific problems to 399 

be solved in the present study, which involve accounting for the simultaneous operation within 400 

such a network of multiple work crews of two types, are self-evidently more computationally 401 

complex than similar problems that involve only one type, and therefore it is impracticable to 402 

use traditional GA for achieving the optimal solution on a highway-bridge network consisting 403 

of a great number of nodes and links within the limited time. Therefore, this study proposes a 404 

hybrid GA to efficiently solve the proposed integer program. As shown in Fig. 3, first, a number 405 

of chromosomes, which consist of a set of decision variables and represent a solution for the 406 

proposed integer program, are randomly generated to form the initial population. Given that 407 

𝛼𝑖𝑗𝑘  and 𝑥𝑗𝑘𝑡′ , 𝛽𝑖𝑗𝑘  and 𝑦𝑗𝑘𝑡′  are non-independent decision variables, and 𝑥𝑗𝑘𝑡′  and 𝑦𝑗𝑘𝑡′  408 

can be calculated using constraints (14) through (17) if 𝛼𝑖𝑗𝑘  and 𝛽𝑖𝑗𝑘  are known, a 409 

chromosome needs only to include 𝛼𝑖𝑗𝑘 and 𝛽𝑖𝑗𝑘 to form candidate routing and scheduling 410 

solutions. Additionally, the level of resilience that the network can reach at 𝑇  via the 411 

implementation of such candidate routing and scheduling solutions can be calculated. 412 

A set of chromosomes is then selected from among the initial population as “elite” 413 

chromosomes for crossover and mutation, using the roulette-wheel selection method, which 414 

has proved effective in selecting useful chromosomes in GA (Goldberg 1989). After applying 415 

the chromosome operations, including crossover and mutation, to these elite chromosomes, 416 

new offspring will be generated. Next, an early-termination test, a heuristic approach specially 417 

designed for the present study’s proposed integer program, is applied to accelerate the evolution 418 
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of chromosomes. Details of this test are provided in the next subsection. After its 419 

implementation, the fitness values of the offspring can be obtained, and those with high fitness 420 

values are selected to update the population. Finally, if the stopping criterion, i.e., the maximum 421 

number of generations, is met, the hybrid GA will output the best fitness value and its 422 

corresponding solution. 423 

<Fig. 3.> 424 

Solution Encoding 425 

A chromosome in a GA is considered as a feasible solution for the proposed integer program if 426 

it satisfies all constraints. An encoding scheme that allows feasible chromosomes to be created, 427 

and chromosomes to be updated while maintaining their feasibility, is critical to efficient 428 

computation. The proposed encoding scheme for this study’s integer program is shown in Fig. 429 

4. Each chromosome consists of two elements, with element one being the sequence of bridge 430 

inspection (i.e., 𝛼𝑖𝑗𝑘), and element two, the sequence of bridge restoration (i.e., 𝛽𝑖𝑗𝑘). Each 431 

element includes 𝑛𝑏  genes and is further divided into 𝑛𝐼  and 𝑛𝑅  sub-elements, which 432 

respectively indicate work crews’ inspection and restoration sequences. For example, as shown 433 

in Fig. 4, the genes on Sub-element1,1 indicate the sequence of bridges to be inspected by 434 

inspection crew_1, and the genes on Sub-element2,2 indicate the sequence of bridges to be 435 

restored by restoration crew_2. 436 

<Fig. 4.> 437 

Early-termination Test 438 

The early-termination test is designed to solve possible situations in which all work crews 439 

terminate their inspection and restoration activities before reaching working time limitation 𝑇 440 

and can lead to the slow evolution of the population’s fitness. The early-termination problem 441 

can result from the inspection-restoration interactions and the inaccessibility of bridges within 442 

highway-bridge networks. Specifically, inspection crews would stop working if bridges that 443 

they needed to inspect were inaccessible due to some impassable bridges, which are in 444 

extensive or complete damage, on the same highway segment that the inspection crews need 445 

to pass. Likewise, restoration crews would terminate their works if the bridges they needed to 446 

restore were impassable to them (i.e., bridges in extensive or complete damage). As illustrated 447 
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in Fig. 5, this test begins with inputting a chromosome, whose first identified time 𝑡′ is 0 when 448 

a disaster occurs and all work crews in command centers are ready for work. The following 𝑡′ 449 

is calculated recursively by searching for the earliest end time of the current inspection and 450 

restoration works. At 𝑡′, if the next bridge to be inspected by inspection crew 𝑘, e.g., bridge 451 

𝑁𝑖
𝑏, is accessible, the program can move to the next identified time; otherwise, if bridge 𝑁𝑖

𝑏 is 452 

inaccessible, the end time of ongoing work for inspection crew 𝑘 is set as infinite, meaning 453 

that inspection crew 𝑘 stays where it is after finishing its current inspection work. Similarly, 454 

if the next bridge to be restored by restoration crew 𝑘, e.g., bridge 𝑁𝑖
𝑏, is not only accessible 455 

but also has been inspected at 𝑡′, the program can move to the next identified time; otherwise, 456 

the end time of ongoing work for restoration crew 𝑘 is set as infinite. The early-termination 457 

test continues until 𝑡′ ≥ 𝑇. If 𝑡′ is infinite, early termination is enacted because work crews 458 

terminate inspection and restoration works before 𝑇 is reached; otherwise, the chromosome is 459 

deemed normal. For a chromosome with the early-termination problem, the gene on each sub-460 

element that leads to early termination is extracted and moved to the end of that sub-element, 461 

deprioritizing the inspection or restoration of the particular bridge associated with that gene 462 

(Fig. 6). Our preliminary study revealed that the evolution of the population was significantly 463 

improved after several generations when the proposed early-termination test was applied, as 464 

compared to when it was not. 465 

<Fig. 5.> 466 

<Fig. 6.> 467 

Illustrative Case Study 468 

A highway-bridge network including 25 cities, 37 highway segments, and 425 bridges in 469 

central Sichuan, China, was selected as a case study to illustrate the proposed methodology, as 470 

shown in Fig. 1 (it should be noted that only the 115 bridges with moderate, extensive, or 471 

complete damage are shown in the figure). The lengths, design speeds, and traffic capacity of 472 

this highway segments recorded in Zhuang and Chen’s report conducted during the 2008 473 

Wenchuan earthquake (Zhuang and Chen 2012) are shown in Appendix 2. However, due to the 474 

lack of real information about the location and number of command centers and work crews, 475 

we assumed that three command centers were located in City 1, City 19 and City 21; and that 476 
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the total number of the inspection crews and restoration crews are six, respectively, in all 477 

command centers. The present study adopted 30 minutes as the inspection time for one bridge 478 

by one inspection crew as it is the average time spent in inspecting a damaged bridge in the 479 

highway system recorded in Zhuang and Chen’s same report.  480 

The 2008 Wenchuan earthquake that was selected as the disaster scenario had a magnitude of 481 

8.0, and its peak ground-acceleration distribution data were adopted from (OSLR 2018). The 482 

bridges’ damage states were accessed using Eq. (3), of which the bridge’s fragility curves were 483 

adopted the ones developed by Chen et al. (2012) using the bridge damage data surveyed from 484 

the 2008 Wenchuan Earthquake (Appendix 3). The restoration time adopted in the present study 485 

for Chinese typical bridges can be found in the Instruction for post-earthquake bridge 486 

emergency repair methods and technology (WCTPMC 2010), which determines the restoration 487 

time by accounting for the bridge’s type, size, damage state and the repair method to be 488 

employed and deemed to partially restore damaged bridges primarily in support of emergency-489 

response actions (Appendix 4). For example, temporarily reinforcement of an extensively 490 

damaged girder bridge that contains columns with cracks and distortion using Fiber Reinforce 491 

Plastic material can be done in a few hours. The pre-earthquake travel demand between cities 492 

were used the data reported in Li et al.’s (2008) study (Appendix 5). The present study set post-493 

earthquake travel demand as 12-time of the pre-earthquake ones based on the suggestion of the 494 

same study, which shows that the post-earthquake traffic flow in the emergency-response phase 495 

is approximately 12-time to the average daily traffic.  496 

The present study calculated the network resilience and the corresponding optimal inspection 497 

route and restoration schedule for the first 72 hours working time after the earthquake occurs, 498 

as this time-window is considered the “golden hours” from the point of view of victims’ 499 

survival (Verma and Chauhan 2015). Three additional tests were also performed, based on the 500 

same network and earthquake scenario. These were: 1) a comparison of the network resilience 501 

that resulted from the proposed inspection-routing and restoration-scheduling model and from 502 

a sequential inspection and restoration model; 2) a sensitivity analysis to investigate the impacts 503 

of the working time as well as the number of work crews, considered as resource limitations, 504 

on the network resilience; and 3) a comparison of the computational efficiency and accuracy 505 

of the proposed early termination test and hybrid GA against a traditional GA without the 506 

proposed early termination test. The parameters of the proposed hybrid GA that were found to 507 
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result in optimal computational efficiency were found to be a population size of 200; 20 elite 508 

chromosomes; 200 generations; a crossover probability of 0.9; and a mutation probability of 509 

0.3. The MATLAB language was used to program the mathematical model and the hybrid GA. 510 

All tests were performed on an Intel® CoreTM i7-7700 CPU@ 3.6GHz with 32 GB RAM in a 511 

Microsoft Windows 10 environment. 512 

Results and Discussion 513 

The results of the seismic damage assessment show that 167 bridges deemed to have no damage, 514 

and 143, 70, 34, and 11 bridges with slight, moderate, extensive, and complete damage, 515 

respectively. As previously mentioned, only those bridges with moderate, extensive, or 516 

complete damage were deemed to be inspected and restored. As shown in Fig. 7, the network 517 

resilience calculated by Eq. (6) dropped to 0.119 in the immediate aftermath of the earthquake, 518 

indicating that the travel time of the damaged network was 8.4 times to the pre-earthquake 519 

network. It can also be observed that the network resilience returned to 0.537 after 72 hours of 520 

the occurrence of the earthquake. During the first 72 hours after the earthquake, 53 bridges 521 

were inspected, and 45 of them were restored. 522 

<Fig. 7.> 523 

The optimal inspection routes for each of six inspection crews and the optimal restoration 524 

schedules for each of six restoration crews are shown in Fig. 8. The results also show that the 525 

inspection-restoration interactions could significantly increase the complexity of inspection 526 

routes and restoration schedules, as well as the waiting time of work crews. The inspection and 527 

restoration of the bridges (B), B176, B180, B181 on the highway segment S20, and B198 on 528 

S22 shown in Fig. 1 are taken as an example to explain such interactions. B176 was in moderate 529 

damage, and B180, B181, and B198 were in extensive damage. As shown in Fig. 8(a), the 530 

inspection crew (I) 4 traveled from B230 to B180 for inspection. After I4 finished the 531 

inspection of B180, it immediately traveled to B176 for inspection, and restoration crew (R) 4 532 

traveled to B180 for restoration after it restored B112 (Fig. 8(b)). After taking 30 minutes to 533 

finish the inspection of B176, I4 should have immediately departed to B181; however, the 534 

impassability due to extensively-damaged B180 had stopped I4 at B176 for 14.4 hours to wait 535 

for the completion of the restoration of B180 by R4. After B180 had become passable after the 536 

restoration, I4 departed from B176 to B181 by passing through B180 for inspection, and in the 537 
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meantime, R4 waited for no time to depart from B180 to B176 for restoration. Similarly, after 538 

taking 30 minutes to finish the inspection of B181, I4 should have immediately departed to 539 

B198; however, the impassability due to extensively-damaged B181 had stopped I4 at B181 540 

for 4.2 hours to wait for the completion of the restoration of B181 by R4. After B181 had 541 

become passable after the restoration by R4, I4 departed from B181 to B198 for inspection, 542 

and meanwhile, to restore B198, R4 waited at B181 for 4.2 hours for the completion of the 543 

inspection of B198 by I4. It can be observed that the waiting time of work crews due to the 544 

inspection-restoration interactions may become significant in the case of bridges in serious 545 

damage on the inspection and/or restoration routes. 546 

<Fig. 8.> 547 

Network resilience was also calculated from a sequential inspection and restoration model in 548 

which the restoration of bridges commenced after all accessible bridges had been inspected by 549 

one of these six inspection crews, where the optimal inspection routes were first obtained using 550 

the proposed hybrid GA with the objective of minimizing the inspection time and then the 551 

optimal restoration scheduling was also solved using the proposed hybrid GA, with the 552 

objective of maximizing the network resilience. As shown in Fig. 7, the result shows that it 553 

took about 36 hours for all accessible bridges to be inspected, and after the network resilience 554 

started to increase when the first bridge was restored at the 38-hour, the resilience finally 555 

reached to 0.324 at the 72-hour mark. This result indicates that network resilience can be 65.7% 556 

higher within the golden 72 hours if the proposed model rather than the general inspection and 557 

restoration model is used. Thus, it is safe to say that simultaneously performing inspection and 558 

restoration can significantly improve network resilience, as compared to commencing 559 

restoration only after all accessible bridges have been inspected.  560 

Additionally, to explore the upper bound of network resilience in the proposed model, a test 561 

was conducted based on the assumption that complete information about all bridges’ damage 562 

levels and required restoration methods and facilities were known immediately after the 563 

earthquake, and that only emergency restoration activities were performed (i.e., a “zero-time” 564 

assumption was made regarding inspection). Under such conditions, as shown in Fig. 7, 565 

network resilience was 0.641 at the 72-hour mark. Thus, the network resilience resulting from 566 

the proposed model, 0.537, was approximately 83.8% of the upper bound, and the proposed 567 
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model can, therefore, tentatively be seen as an effective approach to inspection-routing and 568 

restoration-scheduling problems. 569 

Additional runs were conducted to investigate the impact of the working time on the network 570 

resilience. As shown in Fig. 9, as the working time increasing from 24 hours (1 day) to 120 571 

hours (5 days) with an increment of 24 hours, the network resilience increased from the value 572 

of 0.119 at the 0-hour mark to 0.327, 0.456, 0.537, 0.589, and 0.625 respectively. In other words, 573 

the network resilience is increased by 0.208, 0.337, 0.418, 0.470, and 0.506 at the end of Day 574 

one to five, respectively. This indicates that emergency inspection and restoration in the first 575 

24 hours following an earthquake may play a disproportionate role in emergency response. One 576 

explanation of this result is that our model was able to prioritize the inspection and restoration 577 

of those bridges critical to network resilience in the working time limitation. 578 

It can also be observed that even in the case of 120-hour working time, there was no bridge 579 

with complete damage that was restored, but only the ones with moderate or extensive damage 580 

were restored. Under such conditions, parts of the network remained disconnected and could 581 

not be reached during the first 120 hours after the earthquake. For example, C5 was 582 

disconnected and could not be reached due to completely-damaged bridges B63 on S7, and 583 

B73 and B74 on S8. This case is consistent with the actual situation as the Caopo city had been 584 

disconnected for 60 days from the highway-bridge network due to several completely-damaged 585 

bridges on the city’s both two highway segments connecting to the main network after the 586 

Wenchuan Earthquake (OSLR 2018).  587 

<Fig. 9.> 588 

Sensitivity analysis of the impacts on network resilience of the numbers of work crews, 589 

considered as resource limitations, proceeded via two tests, as shown in Table 3. The impact of 590 

the number of inspection crews on network resilience was investigated in the first test, which 591 

included three scenarios: S1 (i.e., the scenario used in the aforementioned discussion) with a 592 

total of six inspection crews; S2, in which there were three; and S3, in which there were nine. 593 

In each of these three scenarios, the number of restoration crews remained unchanged at six. 594 

Comparison of network resilience at the 72-hour mark under all three scenarios showed that 595 

adding three inspection crews (i.e., S3 vs. S1) only increased such resilience by 1.1%, from 596 

0.537 to 0.542; whereas network resilience was only decreased by 1.3%, from 0.537 to 0.530, 597 
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if the number of inspection crews was decreased by three (i.e., S2 vs. S1) (Fig. 10). This 598 

indicates the relative unimportance to network resilience of the sheer number of inspection 599 

crews, as against restoration crews: a result that has important implications for decision-makers 600 

seeking to optimally allocate inspection crews to achieve specific network -resilience outcomes. 601 

Test two also comprised three scenarios: S1 with a total of six restoration crews, S4 with three, 602 

and S5 with nine, in all of which the number of inspection crews was held steady at six. As 603 

compared to S1, network resilience at the 72-hour mark was higher by 12.0%, i.e., 0.537 vs. 604 

0.602, when the number of restoration crews was increased by three (i.e., in S5); and it 605 

decreased by 26.9%, from 0.537 to 0.393, when the number of restoration crews was reduced 606 

by three (in S4) (Fig. 10). This further confirms that the key to sharp increases in resilience is 607 

restoration capacity rather than inspection capacity, and again has important implications for 608 

decision-makers. 609 

<Table 3.> 610 

<Fig. 10.> 611 

Fig. 11 depicts network resilience at 𝑇 of 72 hours along with numbers of generations, as per 612 

both the proposed hybrid GA and a traditional GA that does not incorporate the proposed 613 

heuristic approach. As this figure indicates, the maximum network resilience of 0.537 614 

calculated by the proposed hybrid GA converges at 110 generations, as compared to a network 615 

resilience of 0.459 and around 160 generations in the case of the traditional GA. In other words, 616 

the proposed hybrid GA’s performance is superior to traditional GA in terms of computational 617 

efficiency, i.e., 1.45 times faster, as well as providing a better solution to the problem. 618 

<Fig. 11.> 619 

Conclusion 620 

Post-earthquake restoration scheduling for highway-bridge networks has generally not 621 

incorporated parallel scheduling or routing of inspections, but the results of the present study 622 

clearly demonstrate the benefits of doing so. To understand the impacts of inspection-623 

restoration interactions on post-disaster emergency inspection and restoration prioritization 624 

problems, this paper has proposed an integer program for such problems by modeling such 625 

interactions in the case of earthquake-damaged bridges, with the aim of maximization of 626 
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highway-network resilience. Additionally, it reported on the development of a hybrid GA that 627 

combines a traditional GA with a specially designed heuristic approach to improve the integer 628 

program’s computational efficiency. 629 

The proposed methodology was tested using detailed data about a highway-bridge network in 630 

central Sichuan, China, and the effects of the 2008 Wenchuan earthquake on it. By comparing 631 

the network resilience calculated via the proposed inspection-routing and restoration-632 

scheduling model against that from a sequential inspection and restoration model in the present 633 

case study, it became clear that parallel inspection and restoration work led to significant 634 

improvement in network resilience, which increased by 65.7% at the 72-hour, as compared to 635 

a sequential schedule in which all inspections are carried out prior to any restorations. It can 636 

also be observed that the waiting time of work crews due to the inspection-restoration 637 

interactions may become significant in the case of bridges in serious damage on the inspection 638 

and/or restoration routes. Based on the results of sensitivity analysis of the impacts of the 639 

number of work crews on the network resilience, one can conclude that the number of 640 

restoration crews, as against inspection, is the key influence on increases or decreases in 641 

network resilience. Finally, the present case study shows that the proposed hybrid GA had 1.45-642 

time faster computational efficiency than a traditional GA and also provided a better optimal 643 

solution. 644 

Though it is hoped that the present study will serve as a basis for further research on post-645 

disaster inspection routing and restoration scheduling for highway-bridge systems, it has some 646 

limitations that should be acknowledged. First, a deterministic optimization program was 647 

proposed in the present study; however, a stochastic program could be conducted to address 648 

the uncertainty associated with certain parameters (e.g., restoration time) in support of more 649 

comprehensive recovery decision-making purposes. Second, the bridges’ actual damage states 650 

are assumed to be the same as the estimated damage ones in the present study; however, in 651 

real-world scenarios, the damage states may differ from the estimated ones, and thus a model 652 

capable of modifying the damage states in real time could be developed. Finally, given that the 653 

proposed hybrid GA may not be able to obtain a global optimum solution, and thus the 654 

deviation from the exact solution was unknown, more advanced solution methods that may 655 

lead to higher computational accuracy, such as penalty function approach, could be devised.  656 
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Table 1. Notation 

Notations 

Sets 

𝑁  set of network nodes, representing cities and bridges 

𝑆  set of highway segments 

𝑁𝑏  set of bridge nodes 

𝑁𝑐  set of city nodes 

Parameters 

𝑙𝑖  length of highway segment 𝑆𝑖, ∀ 𝑆𝑖 ∈ 𝑆 

𝑣0,𝑖  design speed of highway segment 𝑆𝑖, ∀ 𝑆𝑖 ∈ 𝑆 

𝑐0,𝑖  traffic capacity of highway segment 𝑆𝑖, ∀ 𝑆𝑖 ∈ 𝑆 

𝐵𝐷𝐼
𝑗
  bridge damage index of bridge 𝑁𝑗

𝑏, ∀ 𝑁𝑗
𝑏 ∈ 𝑁𝑏 

𝑛
𝑏
  number of bridges in the highway-bridge network system 

𝑛
𝑐
  number of cities in the highway-bridge network system 

𝑛
𝑠
  number of highway segments in the highway-bridge network system 

𝑛
𝐼
  number of inspection-crews in the highway-bridge network system 

𝑛
𝑅
  number of restoration-crews in the highway-bridge network system 

𝑇  working time limitation 

𝑇𝑗
𝐼   time required for inspecting bridge 𝑁𝑗

𝑏, ∀ 𝑁𝑗
𝑏 ∈ 𝑁𝑏 

𝑇𝑗
𝑅  time required for restoring bridge 𝑁𝑗

𝑏, ∀ 𝑁𝑗
𝑏 ∈ 𝑁𝑏 
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Table 2. Decision variables and parameters to be calculated 

Notations 

Decision variables 

𝑥𝑗𝑘𝑡  a binary variable to indicate whether inspection crew 𝑘  starts to inspect 

bridge 𝑁𝑗
𝑏 at time 𝑡 

𝑦𝑗𝑘𝑡  a binary variable to indicate whether restoration crew 𝑘  starts to restore 

bridge 𝑁𝑗
𝑏 at time 𝑡 

𝛼𝑖𝑗𝑘  a binary variable to indicate whether inspection crew 𝑘 inspects bridge 𝑁𝑗
𝑏 

in sequence 𝑖 
𝛽𝑖𝑗𝑘  a binary variable to indicate whether restoration crew 𝑘 restores bridge 𝑁𝑗

𝑏 

in sequence 𝑖 
Parameters to be calculated 

𝐵𝐷𝐼𝑗
𝑡  bridge damage index of bridge 𝑁𝑗

𝑏 at time 𝑡, ∀ 𝑁𝑗
𝑏 ∈ 𝑁𝑏 , ∀ 𝑡 ∈ {0,1, … , 𝑇} 

𝐿𝐷𝐼𝑖
𝑡  link damage index of highway segment 𝑆𝑖 at time 𝑡, ∀ 𝑆𝑖 ∈ 𝑆, ∀ 𝑡 ∈

{0,1, … , 𝑇} 

𝑅𝑇  highway system resilience 

𝑆𝑖
𝑡  passability of highway segment 𝑆𝑖 at time 𝑡, ∀ 𝑆𝑖 ∈ 𝑆, ∀ 𝑡 ∈ {0,1, … , 𝑇} 

𝑇𝑖𝑗  pre-earthquake shortest travel time between city 𝑁𝑖
𝑐 and city 𝑁𝑗

𝑐, 

∀ 𝑁𝑖
𝑐 , 𝑁𝑗

𝑐 ∈ 𝑁𝑐   

𝑇𝑖𝑗
𝑇  post-earthquake shortest travel time between city 𝑁𝑖

𝑐 and city 𝑁𝑗
𝑐 at time 

𝑇, ∀ 𝑁𝑖
𝑐, 𝑁𝑗

𝑐 ∈ 𝑁𝑐   

𝑇𝑅𝑖
𝑡  travel time on highway segment 𝑆𝑖 at time 𝑡, ∀ 𝑆𝑖 ∈ 𝑆, ∀ 𝑡 ∈ {0,1, … , 𝑇} 

𝑐𝑖
𝑡  residual traffic capacity of highway segment 𝑆𝑖 at time 𝑡, ∀ 𝑆𝑖 ∈ 𝑆, ∀ 𝑡 ∈

{0,1, … , 𝑇} 

𝑣𝑖
𝑡  residual driving speed on highway segment 𝑆𝑖 at time 𝑡, ∀ 𝑆𝑖 ∈ 𝑆, ∀ 𝑡 ∈

{0,1, … , 𝑇} 

𝑓𝑖
𝑡  traffic flow on highway segment 𝑆𝑖 at time 𝑡, ∀ 𝑆𝑖 ∈ 𝑆, ∀ 𝑡 ∈ {0,1, … , 𝑇} 

𝑡′  identified time 

𝜏𝑖𝑗
𝑡   the shortest travel time between bridge 𝑁𝑖

𝑏 and bridge 𝑁𝑗
𝑏 at time 𝑡, 

∀ 𝑁𝑖
𝑏 , 𝑁𝑗

𝑏 ∈ 𝑁𝑏 , ∀ 𝑡 ∈ {0,1, … , 𝑇} 
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Table 3. Numbers and locations of work crews 

Test 

Command 

centers 

location 

Number of 

inspection 

crews 

Number of 

restoration crews 

Inspection 

crew ID 

Restoration crew 

ID 

S1 

City 1 3 3 1,2,3 1,2,3 

City 19 2 2 4,5 4,5 

City 21 1 1 6 6 

S2 

City 1 1 3 1 1,2,3 

City 19 1 2 2 4,5 

City 21 1 1 3 6 

S3 

City 1 3 3 1,2,3 1,2,3 

City 19 3 2 4,5,6 4,5 

City 21 3 1 7,8,9 6 

S4 

City 1 3 1 1,2,3 1 

City 19 2 1 4,5 2 

City 21 1 1 6 3 

S5 

City 1 3 3 1,2,3 1,2,3 

City 19 2 3 4,5 4,5,6 

City 21 1 3 6 7,8,9 
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Fig. 1. The post-earthquake highway-bridge network system in central Sichuan, China 
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Fig. 2. Calculation of the shortest travel time between bridges
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Fig. 3. Process of the proposed hybrid genetic algorithm

Stopping criterion met?
Fitness value and 

solution
Yes

Initial population

Selection

Solve the integer program

No

Chromosome operations

The proposed integer 

program

Crossover

Mutation

Calculate fitness values

Early termination test

Early termination?

Yes

No

Update population

Update the chromosomes

O
ff

sp
ri

n
g

Elite chromosomes

Figure 3 Click here to access/download;Figure;Fig. 3.pdf

https://www.editorialmanager.com/jrniseng/download.aspx?id=151865&guid=63ec2562-ece3-4d69-80b1-bd45e3a09de4&scheme=1
https://www.editorialmanager.com/jrniseng/download.aspx?id=151865&guid=63ec2562-ece3-4d69-80b1-bd45e3a09de4&scheme=1


4 

 

 

Fig. 4. Encoding scheme for a chromosome 
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Fig. 5. Process of the early-termination test  
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Fig. 6. Updating of a chromosome terminated early 
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Fig. 7. The highway system resilience over time 
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(a) Optimal inspection routes 

 

(b) Optimal restoration schedules 

Fig. 8. Optimal results for inspection routes and restoration schedules (the numbers on the bars 

are bridge IDs, and the length of a bar represents the inspection/restoration time) 
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Fig. 9. The impact of working time on highway system resilience   
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Fig. 10. The impact of the number of work crews on highway system resilience
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Fig. 11. Evolution of resilience values across generations 
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