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a b s t r a c t 

This study develops a comprehensive framework to assess the resilience of transportation networks consisting of 

deteriorating bridges subjected to earthquake events. For this purpose, the structural capacity of highway bridges 

is estimated during their service life using a set of detailed finite-element models that simulate the progress of 

deterioration. The developed models take into consideration the main environmental stressors and determine 

the extent of capacity loss as a function of time. Based on the degraded state of structural components, seismic 

fragility analyses are performed to obtain a probabilistic evaluation of the extent of damageability of the existing 

bridges under seismic events. Since each transportation link normally consists of a number of bridges, the state 

of damage in the individual bridges is mapped to the corresponding links and a scenario-based approach is 

employed to estimate the resilience of the entire transportation network. To demonstrate how the consequences 

of structural degradation can be integrated into the developed framework, the large-scale transportation network 

of Los Angeles and Orange counties is investigated under a series of aging and earthquake scenarios. The outcome 

of this study indicates how the estimates associated with the functionality measures of a transportation network 

can be improved if the age factor is properly integrated into the framework used for resilience assessment. 
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. Introduction 

The performance assessment of transportation networks under ex-

reme events has been an issue of concern for engineers and decision-

aking authorities who work on civil infrastructure systems. A criti-

al aspect that makes transportation networks different from the other

onstructed facilities is the spatial distribution and connectivity of net-

ork components. This aspect creates sensitivity, especially to the con-

equences of natural and manmade hazards, as disruptions in only a

ew components may result in detrimental effects on the functionality

f the entire network. The importance of maintaining a resilient trans-

ortation network can be recognized during both normal operation and

mergency situations. Among various extreme events that a transporta-

ion network can experience, earthquakes are found to have the most

estructive effects, as they often impact a significant portion of the

etwork at the same time. While a transportation network consists of

everal components, bridges are identified as the most expensive, yet

ost vulnerable components. The extent of vulnerability of bridges is

eflected in the average age of existing bridges (e.g., 45 years for the

ridges in the United States) and their continuous exposure to severe

limatic conditions [1] . The environmental stressors, including temper-
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ture and humidity variations, attack of corrosive agents due to airborne

r deicing salts, and acidic rains in polluted urban regions, may signif-

cantly degrade the integrity of structural components and magnify the

xtent of damage caused by sudden extreme loads. 

There are several studies in the literature that have investigated the

educed functionality of transportation networks under extreme events

e.g., [ 2 –7 ]). However, most of the available studies have assumed that

he bridges that serve a transportation network are in a pristine con-

ition with no degradation. This assumption is not always accurate, as

t is known that aging mechanisms may adversely affect the structural

apacity and performance of bridges (e.g., [ 8 –15 ]). The capacity loss

f reinforced concrete (RC) bridge components due to corrosion and the

ubsequent effects on the seismic response of highway bridges have been

xamined by Alipour et al. [16] through a computational framework.

his framework provides a probabilistic approach to predict possible

hanges in seismic fragility measures by taking into account the age

actor, in addition to site-specific exposure conditions. This and similar

tudies conducted at the component level have led researchers to in-

estigate the effects of aging mechanisms on the post-earthquake func-

ionality of the entire transportation network. For example, Lee et al.

17] used a matrix-based system reliability method to estimate changes

n the flow capacity of a network of deteriorated bridges; Rokneddin
 . 
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t al. [18] assessed the reliability of a degraded transportation network

nder moderate seismic risk; Alipour et al. [19] studied the direct and

ndirect costs associated with a highway network consisting of aged

ridges through different bridge-age scenarios; Singh et al. [20] pro-

ided a procedure to quantify resilience; Castillo et al. [21] developed a

ethodology to achieve resilience through improving individual struc-

ures; and Blagojevic and Stojadinovic [22] proposed a demand-supply

ramework to evaluate the effect of resource and service constraints on

ommunity disaster resilience. 

Considering the wealth of knowledge currently available, the main

bjective of this study is to provide an overarching framework for the

ssessment of large-scale transportation networks subjected to regional

azards and deterioration mechanisms. For this purpose, the complex

ighway network of Los Angeles and Orange counties is modeled with

ctual origin-destination (OD) data. By utilizing trip assignment and

raffic flow analyses, the functionality of this network is examined after

 series of scenario earthquakes. These scenario earthquakes are selected

o represent the seismic hazard risk of the region and provide the infor-

ation required to determine the spatial distribution of seismic intensity

easures. Based on the obtained site-specific seismic demand, the state

f damage in various network components is calculated. To capture the

ontribution of aging mechanisms, the finite-element (FE) framework

eveloped by Shafei et al. [23] is utilized. This helps predict the extent

f deterioration of structural components at multiple time steps during

he service life of the existing bridges. The functionality of the aging net-

ork is, then, evaluated under each scenario earthquake and compar-

sons are made with the results obtained from the network in the intact

ondition. The outcome of this study paves the way to identify appro-

riate risk mitigation strategies for existing transportation networks. 

. Research methodology 

To establish a framework that can evaluate the life-time resilience of

 transportation network, it is essential to identify appropriate perfor-

ance measures capable of comparing the intact and deteriorated state

f the network. Among various measures, the total travel time is used as

he performance measure of choice in the current study. This measure is

efined as the time required for all the vehicles that have initiated a trip

n the network to reach their destinations in a specific time frame. Since

he introduced measure takes into account the changes in the demand

nd pattern of traffic after an earthquake event, it can be employed as

 reliable measure for various aging and earthquake scenarios. By cal-

ulating the total travel time in the network of intact bridges impacted

y the s -th scenario earthquake, 𝑇 𝑇 0 ,𝑠 , the effects of aging mechanisms

n the functionality of the network can be quantified by estimating the

 𝑇 𝑡,𝑠 , which reflects the increase in the total travel time due to the dam-

ge incurred to the network components. To estimate the probability of

xceeding the maximum acceptable travel time, the entire network is

odeled at different levels of aging, and the age-dependent total travel

imes are calculated. This probability, 𝑃 ( 𝑡, 𝑠 ) , can be expressed as: 

 ( 𝑡, 𝑠 ) = 𝑃 
[
𝑇 𝑇 𝑐,𝑠 ≤ 𝑇 𝑇 𝑡,𝑠 

]
(1)

here 𝑡 is the age of the network; 𝑠 is the scenario earthquake num-

er; and 𝑇 𝑇 𝑐,𝑠 is the critical threshold for the total travel time, beyond

hich the performance of the network is not acceptable. The critical

otal travel time is determined from a number of factors considered by

ecision-making authorities and can be adjusted based on the impor-

ance of the network. Alternatively, a maximum percentage of increase

n the total travel time can be introduced, indicating that the functional-

ty of an impacted network is not acceptable anymore if the total travel

ime reaches 𝜅% higher than the intact condition. It should be noted

hat the total travel time has been recognized as a reliable measure to

epresent the overall performance of a transportation network. In some

nstances, however, other performance measures, including connectivity

nd link-specific travel time, can be desirable. Such performance mea-

ures are mostly suitable for local studies, in which the goal is to en-
88 
ure the reachability and short commute time for certain links that are

eemed critical to get to hospitals, fire stations, and shelters. 

Under a major earthquake event, two main reasons can contribute to

he underperformance of a transportation network: loss of capacity and

ncrease in demand. A network’s traffic capacity is determined based on

he capacity of its individual components, especially bridges. Because of

ong-term deterioration, however, the damageability of several bridges

an increase during seismic events. Considering the fact that each link

f a transportation network normally consists of at least one bridge, any

amage to the existing bridges can potentially lower the capacity of the

etwork as a whole. On the other hand, demand on a transportation

etwork increases over time, as the population grows and the number

f vehicles in service increases. While the framework developed in this

tudy is capable of examining the effects of both capacity and demand

arameters, the presented results only focus on capacity evaluation, as-

uming no changes in the demand during the network’s service life. This

ssumption helps illustrate the actual effects of aging on the functional-

ty of deteriorating networks. 

. Life-time fragility analysis 

A transportation network consists of several bridges, the perfor-

ance of which plays a critical role in the functionality of the entire

etwork, especially during extreme events. To assess the vulnerability of

he existing bridges subjected to earthquake loads, the seismic fragility

f each bridge should be estimated to identify the extent of damage-

bility as a function of ground motion intensity. For this purpose, a set

f four fragility curves that represent four different damage states are

eveloped. The damage states are classified as (at least) slight, (at least)

oderate, (at least) extensive, and complete collapse, following the def-

nition provided by HAZUS-MH [24] . Based on the introduced damage

tates, the analytical fragility curves of the individual bridges are gener-

ted at different ages, prior to and after the initiation of deterioration.

o perform fragility analyses, the curvature ductility of the bridge col-

mn is considered as the primary measure of damage. The curvature

uctility is defined as the ratio of maximum column curvature recorded

rom a nonlinear time-history analysis to the column yield curvature

btained from the moment-curvature analysis. Following the procedure

iven by Priestley et al. [25] , the curvature ductility of each bridge is

alculated under a suite of ground motions and the results are compared

o the limit states of damage. In this study, the damage limit states are

ssumed to equal the ductility of 1.0, 2.0, 4.0, and 7.0 for the slight,

oderate, extensive, and complete damage states, respectively. The es-

imation of these limit states is beyond the scope of this study, but the

uggested values are in accordance with the limit states available in the

iterature (e.g., [ 26 , 27 ]). 

To create reliable finite-element (FE) models for the bridges under

onsideration, a number of parameters should be considered. These pa-

ameters determine (i) the material properties of structural elements

e.g., yield and ultimate strength of steel and compressive strength of

oncrete) and (ii) the geometric details of the bridge components (e.g.,

pan length, deck section, column height, and rebar size). Given that

he listed parameters may significantly vary from one bridge structure

o another, depending on site-specific conditions and design and con-

truction criteria, it is important to have a proper distribution of bridge

ypes/details in the transportation network under consideration. Thus,

 comprehensive study has been conducted on the bridges in Califor-

ia [28] , categorizing them based on their age, dimensions, structural

haracteristics, and material properties. Since more than 85% of the

ridges in California are made of concrete, this study focuses on RC

ridges with different structural properties. Upon the identification of

he most common types of RC bridges, a group of 18 representative

ridge models with two and three spans have been modeled. The ref-

renced bridge models have three variations in their span lengths (i.e.,

hort-, medium-, and long-span). The modeled bridge decks consist of

oncrete box girders with a total concrete cross section of approximately
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Fig. 1. Time-dependent median values of fragility curves obtained for the two- and three-span bridges under consideration: (a) minor, (b) moderate, (c) major, and 

(d) complete collapse damage state. 
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2 . The bridges under study have interior bents with two circular

olumns that have identical diameters and heights. The column diame-

er varies from 1.5 to 1.9 m, depending on the bridge span length. Each

f the short-, medium-, and long-span categories includes bridges with

he column height of 7.5 m, 10.0 m, and 12.5 m. This provides a range

f span length-to-column height ratios from 1.2 to 6.0 [29] . 

Durability of RC bridges is significantly impacted by the penetration

f corrosive agents in concrete and the onset of corrosion in steel re-

ars. By increasing the time during which a bridge is exposed to aggres-

ive conditions, the deterioration process of reinforcing bars can become

elatively fast. This results in the cracking and spalling of the concrete

over, in addition to reduction in the mass and effective cross section of

he reinforcing bars [30–33] . To evaluate the effects of deterioration on

he lifetime performance of bridges, the extent of structural degradation

s calculated over the life-cycle of each bridge case. The fragility curves

re, then, generated for all the representative bridges at regular time

ntervals. Considering the extent of structural degradation, the fragility

urves are estimated for all the deteriorating bridges through a proce-

ure similar to that explained for the intact bridges [34] . To avoid the

ntersection of fragility curves, a similar standard deviation is assumed,

ollowing the recommendation made by Shinozuka et al. [35] . This helps

apture the changes in the median values of fragility curves for all the

ridge cases, as shown in Fig. 1 . This figure indicates that the overall

verage of median values obtained for the four damage states decreases

y 38% and 34% over 50 years for the two- and three-span bridges,

espectively. With such a drop in the median of fragility curves, the

robability of exceeding any damage state is expected to increase over

ime, primarily due to deterioration mechanisms. This consequently in-

reases the seismic damageability of the existing bridges, making them

otentially vulnerable to the seismic hazard risks that were originally

eemed tolerable. 
89 
. Scenario earthquakes and damage states 

Los Angeles and Orange counties are located in a high-seismic re-

ion with many active faults and a large number of recorded ground

otions. To evaluate the seismic risk that the transportation network

xperiences in this region, Chang et al. [36] identified a subset of sce-

ario earthquakes that represent the seismic hazard of the entire region

onsistent with the USGS database. This set includes a total of 47 sce-

ario earthquakes, including 13 maximum credible and 34 user-defined

vents [37] . It is important to note that a highway transportation net-

ork is a spatially distributed network, in which each of the network

omponents can experience a different level of seismic excitation, de-

ending on the earthquake’s epicenter and site characteristics. Thus,

n attenuation relationship is employed for each of the scenario earth-

uakes to estimate the peak ground acceleration (PGA) throughout the

ntire region served by the transportation network. An attenuation rela-

ionship is defined as a predictive correlation, which can be developed

tatistically from the historical ground motion records. This allows the

stimation of ground motion intensity measures at a given distance from

he epicenter of an earthquake with a known magnitude. Among all the

ttenuation relationships developed for the Western United States, the

ne proposed by Campbell and Bozorgnia [38] is used in the current

tudy. 

Since the seismic damageability of bridges is expressed in the form

f fragility curves as a function of PGA, the attenuation relationship is

tilized to estimate the PGA at each bridge site under the scenario earth-

uakes. Upon the determination of the site-specific PGA, the bridge dam-

ge state is identified and the probability of failure of the bridge under

hat damage state is calculated using the fragility parameters. This pro-

edure is repeated for all the bridges in the network considering all the

cenario earthquakes. The bridge damage state is, then, mapped to the
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Table 1 

Changes in the free flow speed and traffic capacity of the network links as a function of the link damage 

state. 

Link Damage State LDI Lower Bound LDI Upper Bound Free Flow Speed (%) Traffic Capacity (%) 

Minor 0.0 0.5 100 100 

Moderate 0.5 1.0 75 100 

Major 1.0 1.5 50 75 

Collapse 1.5 ∞ 50 50 
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Fig. 2. Fixed-demand (top) and linear variable-demand (bottom) models as al- 

ternatives for traffic assignment. 
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ridge damage index (BDI) defined according to the Caltrans report on

he damage state of bridges after the Northridge earthquake. In the cur-

ent study, the BDI is assumed to equal to 0.10, 0.30, 0.75, and 1.00 for

he slight, moderate, extensive, and complete collapse states of damage,

espectively [39] . The reason for converting the bridge damage state

o the BDI is to compute the link damage state. Each link consists of a

umber of bridges and damage to any of them directly affects the perfor-

ance of the entire link. Following the calculation of the BDI for all the

etwork bridges, the link damage index (LDI) is estimated for each link

s the square root of the sum of the squares (SRSS) of the BDIs obtained

or the bridges located on that link. The LDI is found to increase at a

ecreasing rate when the number of damaged bridges on a given link

ncreases. Based on the calculated LDIs, four states of damage are iden-

ified for each link. The link damage states are introduced similar to the

ridge damage states using lower and upper bounds ( Table 1 ). Based on

he extent of damage to a link, modification factors are determined for

he free flow speed and residual traffic capacity of the network links. The

alues assigned to these two parameters can be found in Table 1 [37] . 

. Traffic assignment models 

To study the functionality of a transportation network subjected to

n earthquake event, it is essential to model the network’s expected de-

and and capacity after the earthquake. For this purpose, two mod-

ls have been commonly used: (i) fixed- and (ii) variable-demand. The

xed-demand model assumes that the demand between any origin and

estination remains the same with no change after an earthquake. This

odel, however, is proven to be inadequate, as it may assign an unreal-

stically large demand to the network. As a case in point, the data col-

ected by the Caltrans after the Northridge earthquake indicated that the

raffic doubled on the routes near the collapsed bridges, which resulted

n a 15 min increase of travel time per trip in comparison to the original

re-earthquake travel time. It was shown by Werner et al. [40] that the

alculations made by the fixed-demand model overestimated the travel

imes by a factor of up to 10 for the same network. Fig. 2 (a) conceptually

epicts the fixed-demand model, where the demand curve is horizontal

ith no changes after an earthquake event. On the other hand, the ca-

acity is expected to decrease after an earthquake event, as several links

ay not be functional anymore. 

The variable-demand model assumes that the trip rates are influ-

nced by the service level of a network. This means that after an earth-

uake, many drivers may not be willing to endure long travel times and

nstead forgo the trip or change their route or mode of traffic [ 40 , 41 ].

he category of variable-demand models can itself be divided into the

inear and nonlinear models. In the linear models, the travel time lin-

arly depends on the network’s capacity. Fig. 2 (b) illustrates that the

ransportation network has a capacity of 𝐶 1 , which requires a travel

ime of 𝑡 1 . However, when the capacity of the network decreases to 𝐶 2 ,

ue to an earthquake, the travel time increases to 𝑡 2 . By comparing the

ifference between the travel times calculated before and after an earth-

uake using the fixed- and variable-demand models, it is noted that the

ariable-demand model typically results in a smaller yet more realistic

ncrease within the travel time in a damaged network. This trend has

een verified by Werner et al. [40] 

There is also nonlinear variable-demand model, in which a nonlin-

ar change is considered for both demand and capacity parameters. This
90 
odel has been developed based on the fact that after an earthquake,

 wide range of disruptions occur in business, commercial, industrial,

nd even cultural activities. Such disruptions are mainly because the

tructures that house everyday activities are damaged, and as a result,

ost-event activities are reduced. This situation drastically changes the

D data, as degradation in the overall network performance causes a

ignificant reduction in the number of trips for the same trip cost. The

rip reduction model is obtained based on a number of factors, includ-

ng network configurations, damaged buildings in the network’s service

rea, and reduction of associated activities. The contribution of all these

actors can be expressed in the form of reduction rates for various trip

urposes in each trip analysis zone. In this study, six general trip pur-

oses are considered. The reduction rates assigned to the origin and

estination of each of them ( 𝜉
𝑝 

𝑖 
and 𝜉

𝑝 

𝑗 
) are given in Table 2 for different

evels of earthquake magnitude. 
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Table 2 

Trip reduction rates for the six different trip purposes [ 3 ]. 

Level of Ground Motion (Moment Magnitude) 

Trip Purpose 6 7 8 9 10 

Home-Work Origin 0.032 0.26 0.743 5.537 14.441 

Destination 0.045 0.334 0.794 7.911 24.938 

Home-Shop Origin 0.032 0.26 0.743 5.537 14.441 

Destination 0.036 0.294 0.651 6.243 20.185 

Home-Other Origin 0.032 0.26 0.743 5.537 14.441 

Destination 0.043 0.329 0.769 7.422 23.548 

Work-Other Origin 0.045 0.334 0.794 7.911 24.938 

Destination 0.043 0.329 0.769 7.422 23.548 

Other-Other Origin 0.043 0.326 0.765 7.339 23.246 

Destination 0.043 0.326 0.765 7.339 23.246 

Truck Trip Origin 0.035 0.369 0.889 8.783 25.191 

Destination 0.035 0.369 0.889 8.783 25.191 

Fig. 3. Point of equilibrium in a simple network model with two nodes. 
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Fig. 4. Demonstration of the pre- and post-earthquake demand and capacity of 

the network. 
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To simulate the transportation network of the region under study,

 comprehensive traffic assignment model is utilized. This model esti-

ates the expected travel volume and time of each link, following the

ardrop rules [42] . Based on the Wardrop rules for the equilibrium

f a network, the travel time along the unused paths of a network is

onger than that along the used paths. In addition, individual drivers

re unable to improve their travel times further even by changing their

outes. Considering the listed rules, the network assignment model ad-

usts the traffic volume and congested travel time of each path to reach

he equilibrium condition. The equilibrium condition is achieved when

he travel time on all the paths between any pair of OD becomes identi-

al. This travel time can be accepted only if it equals to or becomes less

han the travel time on any unused paths connecting the same OD pair.

To understand the concept of equilibrium, a very simple transporta-

ion network can be considered with only two nodes, where 𝑁 drivers

rive from the origin 1 to the destination 2 in two different paths of

 and 2. The travel time, 𝑡 𝑖 , for each of these routes can be estimated

ased on the traffic volume of that route, 𝑣 𝑖 . At the equilibrium condi-

ion, the travel time along both paths is identical and the total number

f drivers, 𝑁 , is divided into two traffic volumes, 𝑣 1 and 𝑣 2 , according

o the equilibrium travel time, 𝑡 𝑒 . As reflected in Fig. 3 , the area be-

eath these two functions is minimized for a given travel demand when

he trips are divided so that the travel times on the path 1 and 2 are

dentical [40] . For the current study, the pre- and post-earthquake de-

and and capacity are depicted in Fig. 4 . This figure shows that the

egradation in the performance of the transportation network results in

 reduced number of trips for the same unit trip cost or higher unit trip

ost for the same number of trips. On the other hand, damage to the

etwork components after an earthquake event causes a capacity loss
91 
n the entire network, which requires additional travel time compared

o the pre-earthquake condition. The point 𝐸 0 in Fig. 4 is the equilib-

ium state in the pre-earthquake condition, where the pre-event demand

urve meets the pre-event capacity curve. The point 𝐸 1 is, however, the

quilibrium state in the post-earthquake condition, where the post-event

emand and capacity curves intersect. Since the total travel time spent

y drivers at the equilibrium condition can be considered as an indicator

f total travel cost, the difference between the pre- and post-earthquake

quilibrium conditions represents the extent of loss that the network

xperiences due to a specific earthquake event. 

Based on the variable-demand model, the traffic is assigned to the

ransportation network so that the total travel time is minimized. To

chieve this goal, the total travel time is obtained from the equilibrium

odel considering the flow and performance function of each link. Fur-

hermore, the rates of travel between zone pairs are adjusted such that

he travel demand on the entire network becomes consistent with the

ravel time. For this purpose, the trip rate for the purpose of 𝑝 between

rigin zone, i , and destination zone, j , 𝑡 
𝑝 

𝑖𝑗 
, is expressed as: 

 
𝑝 

𝑖𝑗 
= 𝑂 

𝑃 
𝑖 
𝐷 

𝑝 

𝑗 
𝐾 

𝑝 

𝑖𝑗 
exp 

(
𝛼𝑝 + 𝛽𝑝 𝑐 𝑖𝑗 

)
and 𝑡 𝑝 

𝑖𝑗 
≥ 0 ∀ 𝑖, 𝑗, 𝑝 (2)

here 𝐾 
𝑝 

𝑖𝑗 
is the calibrated balancing coefficient for the trip purpose of

 ; 𝛼𝑝 and 𝛽𝑝 are the calibrated distance-decay coefficients for the trip

urpose of 𝑝 ( Table 3 ); 𝑂 
𝑝 

𝑖 
is the trip generated from zone 𝑖 ; and 𝐷 

𝑝 

𝑗 
is

he trip destined to zone 𝑗. When the network is subjected to an extreme

vent like an earthquake, the reduced trip parameters must be calculated

sing the reduction model as follows: 

 
𝑎,𝑝 

𝑖 
= 𝑂 

𝑝 

𝑖 

(
1 − 𝜉

𝑝 

𝑖 

)
(3)

 
𝑎,𝑝 

𝑗 
= 𝐷 

𝑝 

𝑗 

(
1 − 𝜉

𝑝 

𝑗 

)
(4)

In Eq. (2) , 𝑐 𝑖𝑗 is the travel time between the OD pair of 𝑖 − 𝑗, which

s obtained from: 

 ij = 

∑
𝑙 

𝑣 𝑙 𝑟 𝑙 𝛿
𝑙,𝑘 

ij 
(5) 

here 𝑣 𝑙 is the traffic flow on the link 𝑙; 𝑟 𝑙 is the link performance func-

ion; 𝑘 is the path connecting the OD zone; and 𝛿𝑙,𝑘 
𝑖𝑗 
is an indicator vari-

ble, which is equal to one if the link 𝑙 is on the path 𝑘 between the OD

one and is equal to zero otherwise. The traffic flow on the link 𝑙, i.e.,

 𝑙 , is calculated as: 

 𝑙 = 

∑
𝑝 

∑
𝑖,𝑗 

∑
𝑘 

𝑓 
𝑝𝑘 

𝑖𝑗 
𝛿
𝑙,𝑘 

𝑖𝑗 
∀𝑙 (6)
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Table 3 

Calibrated distance-decay coefficients for various trip purposes [ 37 ]. 

Trip Purpose Time of Day 𝛼 𝛽 Trip purpose Time of Day 𝛼 𝛽

Home- 

Work 

Early Morning 3.152 − 0.066 Work- 

Other 

Early Morning 4.581 − 0.150 
Midday 3.469 − 0.102 Midday 3.971 − 0.130 
Early Evening 3.170 − 0.066 Early Evening 3.620 − 0.084 
Night 3.539 − 0.130 Night 4.447 − 0.189 

Home- 

School 

Early Morning 4.288 − 0.122 Other- 

Other 

Early Morning 4.187 − 0.119 
Midday 5.568 − 0.270 Midday 4.546 − 0.168 
Early Evening 4.544 − 0.149 Early Evening 4.323 − 0.125 
Night 5.856 − 0.334 Night 4.847 − 0.221 

Home- 

Other 

Early Morning 3.601 − 0.083 Truck 

Trips 

Early Morning 1.458 − 0.024 
Midday 4.565 − 0.173 Midday 1.531 − 0.031 
Early Evening 4.279 − 0.125 Early Evening 1.566 − 0.026 
Night 4.966 − 0.236 Night 1.350 − 0.031 

Fig. 5. Spatial distribution of the links in the transportation network of Los 

Angeles and Orange counties. 

Fig. 6. Occurrence ratios of different trip purposes over a 24 h period. 

Fig. 7. Expected total travel time obtained for the transportation network sub- 

jected to scenario earthquakes. 

w  

𝑖

𝑡  

92 
here 𝑓 
𝑝𝑘 

𝑖𝑗 
is the flow of the trip purpose 𝑝 on the path 𝑘 between the

 − 𝑗 pair. The flow information can be used to calculate: 

 
𝑝 

𝑖𝑗 
= 

∑
𝑘 

𝑓 
𝑝𝑘 

𝑖𝑗 
∀𝑖, 𝑗, 𝑘, 𝑝 (7)
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Fig. 8. Travel time in the individual links of the transportation network in the intact condition (top) and after 50 years (bottom) under No. 12 scenario earthquake. 
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Equations 2 through 7 form a recursive procedure, which requires a

umber of iterations to obtain the minimized total travel time. 

. Application to deteriorating transportation networks 

The network of highway bridges in Los Angeles and Orange coun-

ies is investigated in the current study under the combined effects of

nvironmental stressors and seismic events ( Fig. 5 ). Since this network

s modeled following the graph theory, each highway segment is rep-

esented by two oriented links (i.e., one for every direction of traffic).

he points at which the links intersect are considered as nodes. To esti-

ate the functionality measures of this network, the OD matrix is gener-

ted based on the data obtained for the local traffic analysis zones from

he Southern California Association of Governments [43] . The traffic

ata for each analysis zone is condensed to the nodal OD data using

he Thiessen polygons, following Zhou et al. [3] . Each Thiessen polygon

efines an area of influence around its base point such that any loca-

ion inside the polygon is closer to that point than to any of the other

ase points [44] . The condensed nodal OD data points are expressed in

he form of square matrices with 148 rows and columns. Each matrix

rovides the information for one of the six general trip purposes (i.e.,

ome-work, home-shop, home-other, work-other, other-other, and truck

rips). It should be noted that the home-work matrix contains the data
93 
or both home-to-work and work-to-home trips. The other trip matrices

re similar to the home-work matrix from this point of view. 

The collected data for the matrices listed above includes the number

f trips per day for the six trip purposes. Fig. 6 shows the occurrence ra-

ios of different trip purposes over a 24 h period [37] . In this figure, each

ay has been divided into four time-windows, including: early morning

from 6 a.m. to 9 a.m.), midday (from 9 a.m. to 3 p.m.), early evening

from 3 p.m. to 7 p.m.), and night (from 7 p.m. to 6 a.m.). To provide

ore detailed information, the ratios calculated for the trips that in-

lude “home ” have been separated to home-work (H-W and W-H) and

ome-nonwork (H-N and N-H), where nonwork covers both shop and

ther trips. In Fig. 6 , the occurrence ratios for the trips related to work-

ther are shown by two separate lines, which represent both work-other

W-O) and other-work (O-W) trips. It is evident from this figure that the

ummation of each of the trip ratios is equal to 1.0 during each one-day

eriod. 

To demonstrate how the consequences of structural degradation can

e integrated into the procedure developed for the resilience assessment

f transportation networks subjected to extreme events, a series of ag-

ng scenarios are introduced for the network of Los Angeles and Orange

ounties. For this purpose, it is first assumed that all the network com-

onents are in the same age, starting from 0 (i.e., pristine condition) to
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Fig. 9. Time-dependent changes of the mean and standard deviation (STD) of 

the total travel time. 
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Fig. 10. Seismic risk curves generated for various stages of aging. 

Fig. 11. Probability distribution of total travel time for the three aging scenarios 

considered in the current study. 
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o  
5 years (i.e., expected design life). The seismic performance of the en-

ire network is evaluated at regular time intervals considering the most

urrent state of the individual components. This is achieved by updating

he fragility measures of the existing bridges with the progress of dete-

ioration. It is noted that the total travel time for the network in normal

peration ( 𝑇 𝑇 0 ,𝑠 ) is approximately 900,000 h per day. This travel time,

owever, increases because of damage to the bridges and links when an

arthquake occurs in the region. Fig. 7 shows the expected total travel

ime for the network of spatially distributed bridges, all of which at the

ame age. It is evident that if the contribution of aging mechanisms is

eglected, the increased total travel time remains under 1,000,000 h

er day for almost all the scenario earthquakes. However, this is not the

ase for the other two simulation scenarios, in which the age of bridges

as changed to 25 and 50 years. A continuous exposure to aggressive

nvironmental stressors has resulted in progressive structural degrada-

ion at the component level and increased seismic vulnerability at the

etwork level. As a case in point, for the No. 12 scenario earthquake,

hich represents the Verdugo earthquake with the magnitude of 6.8, an

ncrease of 5.80% and 11.96% in the total travel time is recorded for the

etwork of 25- and 50-year old, respectively. Fig. 8 illustrates the travel

ime in the individual network links subjected to the same earthquake.

his figure clearly shows how the extent and pattern of damage to the

etwork change when the aging-related issues are taken into account. 

Considering the total travel time obtained for various age and earth-

uake scenarios ( 𝑇 𝑇 𝑡,𝑠 ), Fig. 9 provides a summary of the mean and

tandard deviation values calculated at 5-year time intervals. This fig-

re indicates that, in addition to the mean, the standard deviation of the

xpected total travel time increases by time. This is mainly due to the

ncertainties identified in the network’s demand and capacity parame-

ers. To further understand the probabilistic aspects of the predictions,

 set of seismic risk curves are generated for the network under study

t six time steps, following Eq. (1) ( Fig. 10 ). Each curve represents the

robability of exceeding a certain percentage of increase in the total

ravel time, given the network’s deteriorating state. By introducing the

ritical total travel time, as a percentage of increase in the original total

ravel time ( 𝜅%), the network’s functionality should be examined on a

egular basis to determine the time of exceeding the critical level. As-

uming that the maximum percentage of increase that can be tolerated

s 𝜅 = 10%, the probability of exceedance changes from 0.07 in the pris-

ine network to 0.35 in the network made of 50-year old bridges. By

mploying a stricter threshold and limiting the maximum percentage of

ncrease to 𝜅 = 5%, the network is found to be more vulnerable with

he probability of exceedance of 0.28 in the pristine network and 0.53
94 
n the network made of 50-year old bridges ( Fig. 10 ). Based on this in-

ormation, the toleration limit can be adjusted further, depending on the

eeds/preferences of bridge owners and decision-making authorities. 

In a real transportation network like the one that serves Los Ange-

es and Orange counties, not all the bridges are similarly aged. Alipour

28] conducted a study on the age of bridges in the region and found that

he majority of them fall into the range of 30 to 60 years, with an aver-

ge of 47 and standard deviation of close to 16 years. To capture the age

ariation factor, the performance of the network under consideration

s examined assuming that the age of the existing bridges is a random

ariable with a distribution obtained from the age data extracted from

he inventory of California bridges [45] . The total travel time for the

etwork with actual age data is calculated under each of the scenario

arthquakes. The probability distribution obtained for the total travel

ime is shown in Fig. 11 for the real age distribution, in addition to the

ristine and identically aged ones. It is observed that this approach is

apable of providing realistic predictions of the network’s functionality,

s it incorporates the latest condition of the individual bridges into the

etwork-level analyses. The accuracy of such predictions can be further

mproved if the actual built year is assigned to each individual bridge. 

. Conclusions 

A comprehensive framework for the life-time resilience assessment

f deteriorating transportation networks was established through the
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resented study. This framework is capable of taking into account the

ffects of (i) natural and manmade hazards, (ii) aging mechanisms and

nvironmental stressors, and (iii) time-dependent structural degradation

f individual network components. The network analyses conducted for

his framework provide reliable predictions for a variety of functional-

ty measures employed to ensure that the existing network can satisfy

ertain performance requirements, especially during extreme events.

mong various extreme events, the main focus of this study was on

he seismic damageability of transportation networks, as an earthquake

vent may impact a large geographic region in a short period of time.

his situation may result in major network disruptions, depending on

he extent of damage to the links and bridges. To quantify the seismic

amageability of network components, a series of detailed FE analyses

ere conducted to determine the life-time safety and performance of the

xisting bridges under the combined effects of environmental stressors

nd earthquake loads. Utilizing the most current state of the network,

n integrated traffic assignment model was used to account for fluctu-

tions in the traffic demand in the aftermath of an earthquake event.

his model considered six different trip purposes and identified the to-

al travel time required for all the users of the network to get to their

estinations. The total travel times obtained at different states of aging

nder different scenario earthquakes were employed as a performance

ndicator to measure the network’s post-event functionality. A compar-

son between the results of this study with those without the consider-

tion of deterioration effects indicated that the developed framework

s capable of providing more realistic estimates of the performance of

eteriorating networks after major earthquakes. With the potential of

his framework to include other sources of environmental stressors and

xtreme events (depending on region-specific hazards), the outcome of

his study can be of great value to bridge owners and decision-making

uthorities. In particular, this overarching framework can be employed

o identify most appropriate future investments, plan for essential emer-

ency routes, and decide on optimal resource allocation strategies for

aintenance, repair, and strengthening purposes. 
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