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Abstract: The comprehension of network-level consequences resulting from disruptive events is a main gray area in the evaluation of
transportation network resilience at the regional level. Explaining hazard impacts on regional network infrastructures and identifying
significantly affected areas are important for communicating the need for building resilient infrastructure. This paper presents a framework
for assessing the regional network resilience by leveraging scenario-based traffic modeling and GIS techniques. High-impact-zone location
identification metrics were developed and implemented in preliminarily identifying areas affected by bridge closures. Resilience was
estimated, and an index developed by utilizing practical functionality metrics based on vehicle distance and hours traveled. These are
illustrated for the Tampa Bay, Florida, area. Findings for 10 bridge closure scenarios and recovery schemas indicated significant regional
resilience losses. The I-275 bridge closure indicated the highest functional loss to the regional network: the aggregated resilience index below
0.5 reflects severe network performance deficit and mobility limitations.DOI: 10.1061/JTEPBS.0000186.© 2018 American Society of Civil
Engineers.
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Introduction

Lifeline systems have been of growing concern, especially con-
sidering their vulnerability to hazard-induced damages. Findings
from previous studies mention transportation infrastructure as
one of the most vital lifeline systems (Hopkins et al. 1993).
Extreme natural events such as hurricanes, tornadoes, earth-
quakes, and wildfires, as well as intentional hazards are threats
to critical infrastructure systems including transportation net-
works. The locations of bridges, an integral part of the transpor-
tation network configuration, indicate that they are critical to
mobility. Bridges that serve as cross-terrain and cross-waterbody
structures play a major role in minimizing travel costs. Structural
and functional losses to such bridges often lead to mobility lim-
itations and increased user costs (Twumasi-Boakye and Sobanjo
2017). For this reason, it is imperative that they are made more
robust. Effective measures are also needed to facilitate rapid
postdisaster recovery. Therefore, it is necessary to establish an
efficient approach to pre-event evaluation of transportation
infrastructure.

The traditionally acknowledged concept for evaluating the abil-
ity of infrastructure to resist the effects of hazards and recover
quickly is termed resilience. Resilience evaluates a system’s ability
to resist and absorb the impacts of disruptions (Bruneau et al. 2003)
by building on the strengths or weaknesses measured by other
indicators such as reliability, robustness, risk, and vulnerability
(Faturechi and Miller-Hooks 2014a). In this paper, the definition

of resilience was applied to regional transportation networks by
explaining regional network resilience as the ability of regional
transportation networks to minimize functional losses due to major
components breakdown and recover rapidly to predisruption
conditions.

Many studies over the last decade have addressed resilience
assessment methods for infrastructure systems. Previous efforts
to quantify the resilience of transportation networks include studies
by Murray-Tuite (2006) and Zhang et al. (2009). Murray-Tuite
(2006) proposed adaptability, safety, mobility, and recovery as
four dimensions of resilience, and highlighted indicators such
as multimodality, incident occurrence, evacuation time, interzonal
travel time, and level of service. Bocchini and Frangopol (2010)
used total travel time (TTT) and total travel distance (TTD) for
resilience evaluation by considering multiple bridge configurations
in the proposed resilience assessment concept. Bocchini et al.
(2013) in a study on bridge network restoration after earthquake
events developed a multicriteria intervention optimization approach
that was exemplified on a large network.

A thorough review of the respective literature shows that while
most studies excel in the identification and development of rel-
evant resilience metrics, few studies focus on the development
of single-measure indicators (index) for resilience. Pertinent stud-
ies that report on resilience index formulation include efforts by
Attoh-Okine et al. (2009) and Serulle et al. (2011). Other re-
searches have taken the form of qualitative concepts (Vugrin et al.
2011; Tamvakis and Xenidis 2012; Hughes and Healy 2014) as
well as quantitative frameworks (Cox et al. 2011; Omer et al.
2011; Reggiani 2013; Adjetey-Bahun et al. 2016; Gillen and
Hasheminia 2016; Karamlou et al. 2016; Donovan and Work
2017). Application of resilience metrics to realistic networks, es-
pecially regional transportation models, is lacking in the literature.
Developed metrics applied to test networks are mostly based on
assumptions specific to those sample networks. Additionally,
high-impact-zone location metrics important for identifying juris-
dictions that need immediate attention during hazard events are
yet to be developed.
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Background

Florida has recorded more major hurricanes (37) than any other US
state between 1851 and 2010 (Blake et al. 2007). An extensive
study by Sobanjo and Thompson (2013) evaluated the risks to
which Florida bridges are exposed, attributable to both natural
and anthropogenic hazards. Hazards such as hurricanes, tornadoes,
flooding and scour, and wildfires were investigated. Hurricanes
were identified as a main cause of bridge damage among natural
hazards, with coastal bridges being of primary concern.

Reports on Hurricane Katrina revealed that the mixture of
winds, rains, and storm surges resulted in severe damage to coastal
bridges. Substantial amounts of these damages were reported as the
displacement of bridge decks and the collapse of facilities for mov-
able bridges (Padgett et al. 2008). Vulnerability of coastal bridges
to hurricanes (Padgett et al. 2012) and their corresponding conse-
quences (Stearns and Padgett 2011) in the form of agency costs
have further been evaluated (Maxey 2006).

Unexpected closures to major bridges have been reported to
cause widespread traffic disruptions. Thus, it is necessary to study
the impacts of such closures on large transportation networks. On
September 16, 2004, storm surges and waves resulting from
Hurricane Ivan had massive consequences on I-10 bridges over
Escambia Bay causing the displacement of several bridge spans
as well as complete pier removal (Hitchcock et al. 2008). A period
of 66 days after the hurricane event was needed to reconstruct and
reopen the Escambia Bay Bridge to traffic (Hitchcock et al. 2008).
The loss of this bridge resulted in an approximately 209-km
(130-mi) traffic detour (Talbot 2005), implying increased transpor-
tation user costs. The importance of bridges as lifelines cannot be
overstated. A section of the I-85 bridge in Atlanta collapsed after a
massive fire (12.19-m wall of fire) on March 20, 2017. Three sec-
tions of I-85 northbound and southbound required replacement and
it took more than 6 weeks to reopen the southbound lanes of the
bridge to traffic (Burns and Brett 2017). The estimated daily
vehicular traffic on this Atlanta roadway section was 220,000 ve-
hicles per day. Due to this high traffic volume, the bridge closure
resulted in traffic on the I-285 bypass increasing by 50% the fol-
lowing day due to traffic gridlock, with traffic conditions in the
Atlanta area substantially affected (Noll 2017).

A methodological framework for predisaster resilience evalu-
ation of realistic regional networks based on hypothetical postevent
damage state conditions is essential to mitigate the effects of un-
expected closures.

Scope of Study

The National Infrastructure Advisory Council (NIAC) indicated
that deficit in the comprehension of network-level consequences
resulting from major disruptive events is one of the main gray areas
in the transportation network resilience discussion (Baylis et al.
2015). This study seeks to contribute to the ongoing debate on
transportation network resilience by presenting preliminary efforts
to quantify resilience at the network or regional level.

The primary focus of this paper is to determine transportation
network resilience for regional models based on bridge closures.
Essentially, this work takes into account the network-level damage
to bridges and the resulting impacts on regional road network juris-
dictions. While current methods focus on the best alternative routes
during bridge closures, it is important to comprehend that the
resulting impacts of such disruptions are extensive and have wide-
spread effects. In this study, even though bridge closure scenarios
and durations of closures were considered, specific interest was in
the resilience of the transportation network system. Assessing
transportation networks through scenario-based modeling is the

suggested approach. Such techniques can help researchers and
agencies to answer questions regarding the consequences of road
closures resulting from disruptive events. Furthermore, this paper
identifies and quantifies practical indicators for evaluating transpor-
tation network resilience. A metric for identifying high-impact
zones for regional networks during disruptions was also developed
in this work. Finally, an aggregated network resilience index mea-
sure was developed as a single-value indicator of the level of resil-
ience in an existing transportation network.

Methodology

With the aim of developing an aggregated resilience index (ARI)
measure, the following methodological steps were undertaken:
(1) establishing the transportation network and adopting the con-
cept of an equilibrium-based traffic assignment; (2) identifying
practical transportation network performance metrics and indicators;
(3) identifying high-impact-zone location metrics; (4) developing a
computational approach for measuring functionality; (5) adopting
the proposed resilience triangle method (Bruneau et al. 2003) for
computing a single resilience index; and (6) computing an aggre-
gated resilience index from individual indexes. The highlighted
steps were integrated to obtain an aggregated resilience index:
traffic flow results from the equilibrium-based traffic assignment
were utilized for computing measures of performance. A high-
impact-zone metric developed in this study was utilized to prelimi-
narily identify network segments with high speed differences
resulting from closures. The performance measures from traffic
assignment outputs were then used for computing the network
functionality; the aggregated resilience index was estimated as
the mean resilience (function of network functionality and recovery
time) index based on identified metrics. These steps are succinctly
discussed in the following subsections.

Equilibrium-Based Traffic Assignment

Transportation demand models are usually structured around
four sequential steps commonly referred to as the Four-Step
Modeling Process: trip generation, trip distribution, mode choice,
and trip assignment. In order to compute the link travel costs for
the transportation network, a user equilibrium assignment was
used in the traffic assignment model for this study. The user
equilibrium assignment was based on Wardrop’s first principle,
which stipulates that no user can lower transportation cost
unilaterally by changing routes (Daskin and Sheffi 1985). This
further implies that with drivers having a perfect knowledge of
network travel costs, they are prone to choosing the best routes,
leading to a deterministic user equilibrium formulated as a non-
linear mathematical optimization program (Daskin and Sheffi
1985) as

minimize S ¼
X
q

Z
xq

0

tqðxqÞdx ð1Þ

Subject to
X
k

fuvk ¼ quv∶∀ u; v ð2Þ

xq ¼
X
u

X
v

X
k

δuvq;kf
uv
k ∶∀ q ð3Þ

fuvk ≥ 0∶∀ k; u; v ð4Þ

xq ≥ 0∶q ∈ Q ð5Þ

© ASCE 04018062-2 J. Transp. Eng., Part A: Syst.

 J. Transp. Eng., Part A: Systems, 2018, 144(10): 04018062 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

FL
O

R
ID

A
 S

T
A

T
E

 U
N

IV
E

R
SI

T
Y

 o
n 

11
/0

8/
18

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



where S = objective function; k = path; xq = equilibrium flows in
link q; tq = travel time on link q; fuvk = flow on path k connecting
origin-destination (O-D) pair u-v; quv = trip rate between u and
v; Q = set of all links in the network; and δuvq;k = definitional
constraint (1 if link q belongs to path k, 0 otherwise).

In this study, the link congestion performance function formu-
lated by the Bureau of Public Roads (BPR) was used to determine
the average travel time for each link (Transportation Research
Board 1985). The equation is as follows:

tqðxqÞ ¼ ftqð1þ αðxq=cqÞβÞ ð6Þ

where ftq = free flow travel time (FFTT) on link q per unit time;
xq = volume of vehicles attempting to use link q; cq = capacity on
link q; tqðxqÞ = average travel time for vehicle on link q; α = alpha
coefficient, which is assigned a value of 0.15 in the original BPR
curve; and β = beta coefficient, the exponent of the power function,
which is assigned a value of 4 in the original BPR curve.

Practical Metrics and Performance Indicators

Measure of Vehicle Distance Traveled
The approach of using vehicle distance traveled (VDT) and vehicle
hours traveled (VHT) for computing transportation network perfor-
mance was adopted from Dalziell and Nicholson (2001), who used
similar metrics in estimating the risk and impact of natural hazards
on a road network. These metrics have also been applied in
vulnerability (Tanasić et al. 2013) and optimal resilience studies
(Bocchini and Frangopol 2010). In this paper, VDT indicates
the total vehicle travel distance and was computed for each link
pair in the transportation network as the product of link traffic vol-
ume and link distance. Increase in link VDT from the uninterrupted
network highlights functional loss or increase in travel costs. For
each closure scenario, VDT can be computed as

VDTðsÞ ¼
X
i≠j

VDTijðsÞ ð7Þ

VDTijðsÞ ¼ vijdijðsÞ ð8Þ

where VDTij = vehicle distance traveled between nodes i and j;
vij = volume of vehicles between nodes i and j; and dij = link
distance between nodes i and j (km).

Measure of Vehicle Hours Traveled
Travel time is well known as an important measure of mobility
(Murray-Tuite 2006) and has been identified as a practical measure
for determining resilience of transportation networks (Omer et al.
2013; Faturechi and Miller-Hooks 2014b). VHT is computed for
each travel path as the product of traffic volume and travel time.
This metric is essential since it reflects delay in travel. This can
be estimated using the following equations:

VHTðsÞ ¼
X
i≠j

VHTijðsÞ ð9Þ

VHTijðsÞ ¼ vijtijðsÞ ð10Þ

where VHTij = vehicle hours traveled between nodes i and j; vij =
volume of vehicles between nodes i and j; and tij = link congested
travel time (CTT) between nodes i and j (h).

High-Impact-Zone Location Metric

Hazard-induced damages usually have widespread effects. How-
ever, in order to determine the resulting impact on transportation
networks, it is imperative to identify specific locations where traffic
gridlocks mostly occur. Already discussed metrics such as VDT
and VHT are beneficial in quantifying performance and resilience,
while metrics such as link travel time and link speeds aid in the
identification of high-impact areas. The differences in predisaster
to postdisaster link speeds are represented spatially using GIS map-
ping techniques. This serves as an effective method for locating
areas of significant speed reduction, or high-impact zones. In this
paper, a measure for percentage reduction in link speed was
computed as the mean percentage difference between link speeds
for the base (no closure) and bridge damage traffic assignment
scenarios.

Furthermore, in an attempt to determine which links were most
affected by the shock event, link speed reductions greater than or
equal to 1.61 km=h (1 mi=h), 4.83 km=h (3 mi=h), and 8.05 km=h
(5 mi=h) were used for identifying significantly affected links.
While fallen sign structures, debris, and inoperable traffic signals
from hurricane events may cause reduced link speeds, these are
mostly resolved more rapidly than damaged bridges (Xie et al.
2015). Bridge closures may cause long-term closures resulting
in sustained reduced speeds and gridlock on segments of regional
networks if not addressed promptly. For real-time roadway condi-
tions, however, other events unrelated to hazards (even immediately
after hazard events) may cause congestion and therefore result in
reduced link speeds; nevertheless, impacts may be more localized
than regional. This study takes into account only hazard-induced
bridge closures. The traffic assignment model therefore optimally
reassigns traffic on routes to account for closures. Reductions in
link metrics were therefore solely due to the bridge closure scenar-
ios. Second, since the model was a static assignment model, each
model rerun provided the same results per scenario.

Reductions in posted speed limits from 48.28 to 40.23 km=h
(30 to 25 mi=h) have been reported to cause about 1.61-km=h
(1-mi=h) reduction in actual vehicle speeds (Scott and Maddox
2001). This speed reduction reduces vehicle collision by 5%
(Scott and Maddox 2001). Therefore, network link pairs showing
marginal postdisaster speed reductions can serve as indicators for
preliminarily identifying adversely impacted roadways due to
major bridge closures on the regional network. The average link
speed of 1.61 km=h (1 mi=h) suggests the posted speed would
be reduced by approximately 8.05 km=h (5 mi=h). The choice
of an 8.05-km=h (5-mi=h) reduction in the average link speed
was to serve as an upper limit, emphasizing links that were most
affected by closures. The mean of 1.61 and 8.05 km=h (1 and
5 mi=h) was chosen as 4.8 km=h (3 mi=h) to serve as an interme-
diary between the upper and lower limits. This metric is relevant to
agencies in terms of hazard response since such events require
effective operational measures to enhance mobility in affected
areas.

This measure was computed as

ω ¼
P

n
q¼1

n�
SRq−SBq

SBq

�
× 100

o
n

;

∀ q ∈ Q;Q∶jðSR − SBÞj ≥ 1.61; 4.83;

or 8.05 km=h ð1; 3; or 5 mi=hÞ ð11Þ

where ω = high-impact-zone metric; SRq = speed on link q for link
removal scenario; and SBq = speed on link q for base scenario.
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Measuring Network Functionality

A unified network performance measure for a specified network
topology was given by Nagurney and Qiang (2007), the N-Q
network efficiency and performance measure as follows:

φ ¼ φðℵ;dÞ ¼
P

q∈Q
dq
θq

nQ
ð12Þ

where φ = network performance measure; ℵ = network topology;
d = equilibrium volume vector; dq = equilibrium volume for link q;
θq = equilibrium disutility for link q (minimum equilibrium travel
time or cost); and nQ = number of O-D pairs in the network.

In this paper, the N-Q measure and a performance index com-
putational approach used by Zhang et al. (2009) were modified
and adopted in determining network performance during bridge
closures. In this approach, the ratio of congested speeds to free flow
speeds for O-D pairs were weighted by VDT and VHT to provide
two performance indexes (indicators). The performance metrics
formulated in the following are mobility performance metrics
for the regional transportation networks:

PIVDT ¼
P

i∈O;j∈D
CSPDi;jVDTi;j

FFSi;jP
i∈O;j∈D VDTi;j

ð13Þ

PIVHT ¼
P

i∈O;j∈D
CSPDi;jVHTi;j

FFSi;jP
i∈O;j∈D VHTi;j

ð14Þ

where PIVDT = VDTweighted performance indicator; PIVHT = VHT
weighted performance indicator; CSPDi;j = congested speed for
nodes i − j; and FFSi;j = free flow speed for nodes i − j.

Performance measure φ is

φk ¼
PIafter shock

PIbefore shock
ð15Þ

where φk = performance measure for indicator k (VDT or VHT);
PIafter shock = VDT or VHT weighted performance indicator after
hazard event; and PIbefore shock = VDT or VHT weighted perfor-
mance indicator prior to hazard event.

Computing Single Resilience Index

The concept of resilience triangle proposed by Bruneau et al.
(2003) has been broadly applied in the evaluation of infrastructure
resilience over the last decade (Ta et al. 2009; Zobel 2010; Adams
et al. 2012). In this concept, the area within the resilience triangle
reflects the loss in performance over time, meaning larger areas
outside the triangle indicate greater resilience. The community
earthquake loss of resilience, RL, was mathematically expressed
in Eq. (16) as the functional performance of the infrastructure in-
tegrated over the recovery period (Bruneau et al. 2003)

RL ¼
Z

t1

t0

½100 −QðtÞ�dt ð16Þ

where QðtÞ = quality of infrastructure (%); t0 = time of disruption
event; and t1 = time of system recovery.

Transportation network resilience depends on vulnerability and
adaptive capacity (Gunderson et al. 2002). While vulnerability rep-
resents the system’s sensitivity to disruption, adaptive capacity
evaluates the system’s ability to contain shocks. Heaslip et al.
(2009) in a proposed resilience cycle identified self-annealing as
a stage following network breakdown (network reaching lowest
performance level after disruption) where transportation networks

accommodate present demand. Self-annealing essentially accounts
for gradual increase in network performance levels by road users
adapting to new travel paths through alternative route choices until
the system reaches a new equilibrium, resulting in possible im-
provement in network performance (Heaslip et al. 2009). This is
typically prior to complete physical system recovery or function-
ality restoration.

In this paper, the discussed concepts were applied; however, the
sensitivity of resilience to recovery time was factored by account-
ing for expected recovery times based on multilevel hazard-induced
bridge damages (Fig. 1). This is important since by definition resil-
ience does not only explain the ability of infrastructure to absorb
effects of a hazard but the ability of the system to recover quickly.
The original resilience triangle proposed by Bruneau et al. (2003)
depicts this clearly. In the context of transportation networks, high
performance loss coupled with long recovery times does not only
lead to increased transportation user costs, but also accessibility
related to societal impacts, especially among aging or frail groups
(Twumasi-Boakye et al. 2018). This approach ensures that resil-
ience is not solely defined by functionality losses (a measure of
importance), but weighted by the best- and worst-case representa-
tions of time to recovery. The ratio of the mean area to mean

Fig. 1. Transportation network resilience diagrams based on bridge
damage.
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recovery time results in an indexed measure. The compliment of the
indexed measure yields a resilience index scaled from 0 to 1, with
higher values reflecting more resilient networks.

In Fig. 1(a), A1, A2, and A3 represent a transportation net-
work’s resilience based on hurricane-induced bridge damage states.
Detailed descriptions for four identified bridge damage states
(slight, moderate, extensive, and complete) were reported by
Sobanjo and Thompson (2013). Bridge closures are, however, ex-
pected when bridges are moderately, extensively, and completely
damaged, hence these damage states were considered in the resil-
ience analysis, similar to Karamlou et al. (2016). Any single bridge
can be moderately, extensively, or completely damaged after a
hazard event. For pre-event evaluation of resilience, the authors
accounted for the three possible damage state outcomes in the resil-
ience computation. Recovery times were expected to vary per
damage state. This instance was based on the assumption that the
damaged bridge(s) will be opened at the same time. As a result, the
transportation network performance measure remained unchanged
until recovery. Though this is possible in all cases for single-bridge
damage scenarios, damage to multiple bridges will require different
recovery schema.

Fig. 1(b) suffices when considering three damaged bridges, each
with unique damage states (moderate, extensive, and complete). In
the event of three damaged bridges, the moderately, extensively,
and completely damaged bridges were modeled to recover in
the listed order, leading to total transportation network recovery.
Although unlikely, this simplified approach follows in the rare case
where multiple bridges with the same damage state happen to re-
cover at the same time. A new transportation network performance
was reached when bridges at a specific damage state were restored.

The resilience loss was computed by summing A1, A2, and A3,
since unlike the first case [Fig. 1(a)], performance varies.

Fig. 1(c) depicts the more complex situation of multiple bridge
damages. This case reflects the practical case in which bridges of
the same damage state may recover at different times. Recovery
times in this case may largely depend on the more uncertain agency
response practices. The duration of closurewais also influenced by
the size of the damaged bridge or the quantity of damaged elements
at the same damage level. As a result, Fig. 1(c) includes recovery
options where some extensively damaged bridges may recover be-
fore moderately damaged bridges, and completely damaged
bridges before extensively damaged bridges. The stepwise recovery
approximates to the original resilience triangle proposed by
Bruneau et al. (2003); however, in this diagram the authors hypoth-
esize that most moderately damaged bridges will be restored rap-
idly. Again, it is important to state that Fig. 1 describes performance
loss and recovery times at various bridge damage states. This per-
formance refers to the transportation network’s performance and
not bridge structural integrity. Therefore, there is a general
assumption that all the mentioned bridge damage states will result
in bridge closures, hence the same loss of transportation network
functionality when considering individual bridges as in the case of
Fig. 1(a) (irrespective of damage state). However, the times to re-
covery were expected to vary for different bridge damage states,
and this influenced network resilience significantly.

The recovery sequence adopted in this study included the as-
sumptions that resources are readily available for bridge repair
and rehabilitation activities, and for the application examples,
bridges of lower damage states were assumed to recover first as
identified in previous literature (Dong et al. 2013).

The resilience formulation applied in this study was as follows:

Rk ¼ 1 − 1

T̄

�Z
TmodðhÞ

0

½1 − φmodðhÞ
k ðtÞ�dtþ

Z
Tmodðhþ1Þ

TmodðhÞ
½1 − φmodðhþ1Þ

k ðtÞ�dtþ · · · þ
Z

TmodðnÞ

Tmodðn−hÞ
½1 − φmodðnÞ

k ðtÞ�dt

þ
Z

TextðhÞ

0

½1 − φextðhÞ
k ðtÞ�dtþ

Z
Textðhþ1Þ

TextðhÞ
½1 − φextðhþ1Þ

k ðtÞ�dtþ · · · þ
Z

TextðnÞ

Textðn−hÞ
½1 − φextðnÞ

k ðtÞ�dtþ
Z

TcompðhÞ

0

½1 − φcompðhÞ
k ðtÞ�dt

þ
Z

Tcompðhþ1Þ

TcompðhÞ
½1 − φcompðhþ1Þ

k ðtÞ�dtþ · · · þ
Z

TcompðnÞ

Tcompðn−hÞ
½1 − φcompðnÞ

k ðtÞ�dt
�

ð17Þ

where Tmod = time for restoring moderately damaged infrastructure
in days; Text = time for restoring extensively damaged infrastruc-
ture in days; Tcomp = time for restoring completely damaged infra-
structure in days; T̄ = mean time for network recovery in days;
φpðhÞ
k ðtÞ = performance measure for indicator k for each damage

state h [where p = moderate (mod), extensive (ext), and complete
(comp) damage states and h = specific bridge(s) under recovery
from p damage state]; and n = total number of damaged bridges
for each damage state.

For the formulation for single-bridge closure scenarios, perfor-
mance measures, φkðtÞ, were constant, therefore

Rk ¼ 1 − 1

T̄

�Z
TT

0

½1 − φkðtÞ�dt
�

ð18Þ

where

TT ¼ 1

3
ðTmod þ Text þ TcompÞ

The formulation for three bridges (or group of bridges) with
unique damage states [Fig. 1(b)] was

Rk ¼ 1 − 1

T̄

�Z
Tmod

0

½1 − φpðhÞ
k ðtÞ�dtþ

Z
Text

Tmod

½1 − φpðhÞ
k ðtÞ�dt

þ
Z

Tcomp

Text

½1 − φpðhÞ
k ðtÞ�dt

�
ð19Þ

The formulation for single bridge closure events with partial
recovery prior to full recovery was
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Rk ¼ 1− 1

3T̄

�Z
TmodðηÞ

0

½1−φmodðηÞ
k ðtÞ�dtþ

Z
TmodðθÞ

TmodðηÞ
½1−φmodðθÞ

k ðtÞ�dt

þ
Z

TextðηÞ

0

½1−φextðηÞ
k ðtÞ�dtþ

Z
TextðθÞ

TextðηÞ
½1−φextðθÞ

k ðtÞ�dt

þ
Z

TcompðηÞ

0

½1−φcompðηÞ
k ðtÞ�dtþ

Z
TcompðθÞ

TcompðηÞ
½1−φcompðθÞ

k ðtÞ�dt
�

ð20Þ

where η = partial recovery; and θ = complete recovery.
Closure durations for previously recorded bridge closure

events were obtained (Table 1) and used to establish the afore-
mentioned recovery times. The recovery times reported are sam-
ples from internet queries and a limitation in this study because
agencies presently do not have databases for hazard-induced
bridge closure durations. These values were used in assigning
mean closure times (time to recovery) to the specified bridges
in this study. The estimated mean recovery times for interstate
and non-interstate bridges were estimated as 61.7 and 59.7 days,
respectively. In the case of moderate, extensive, and complete
damages, the recovery times were 3, 48.5, and 133 days, respec-
tively, for interstate bridges, and 1, 30, and 173 days for non-
interstate bridges.

With the aim of developing a single indicator value for resil-
ience, the equal weighting approach was used. This method has
been used for computing composite indexes (Estoque and
Murayama 2014) and organizational resilience (Briguglio et al.
2009). Ip and Wang (2009) represented nodes and links in a trans-
portation network as towns and roadways, respectively, by repre-
senting the network as an undirected graph. In this research, the

weighted average and weighted sum approaches for estimating city
node resilience and network resilience were used. The choice of an
undirected graph suffices for road transportation networks where
bidirectional flows are typical. Furthermore, the links in the undi-
rected network have different lengths and capacities hence were
weighted. Directed networks only allow flows in one direction,
and hence are more suited for studies on railway systems. When
estimating city node resilience, Ip and Wang (2009) considered
the number of reliable independent paths connecting all other town
nodes within the network. The network resilience was then deter-
mined by combining all nodes. The equal weighting method was
used in this study since it is straightforward and succinct. The for-
mulation is as follows:

W ¼
P

n
k¼1 Rk

n
ð21Þ

where Rk = resilience index measure for each computed indicator,
k; and n = total number of index indicators.

Application Example

The area for this study is known as the Tampa Bay Region in
Florida; an area prone to hurricane strikes and storm surges as seen
in Fig. 2. Tampa Bay is a vast natural harbor and estuary that is
linked to the Gulf of Mexico on the west central coast of Florida.
Being home to approximately 4 million residents, Tampa Bay is a
heavily utilized commercial and recreational waterway. Having
four ports, Tampa Bay is regarded as a very important shipping
center. Bridges moving across this bay are of high importance
for mobility, and bridge damages are projected to have a

Table 1. Bridge closure durations after hurricane events (sample data)

Hazard event Closed bridge Date closed Date opened Location

Partial
restoration
(days)

Total closure
duration
(days)

Hurricane Katrina I-10 twin spans over Lake Pontchartrain August 29, 2005 January 5, 2006 Louisiana 46 83
Hurricane Katrina I-10 West Pascagoula bridges August 29, 2005 October 2, 2005 Mississippi 20 31
Hurricane Katrina I-10 (Mobile Bayway) and US-90 and

US-98 (Battleship Causeway)
August 29, 2005 September 2, 2005 Alabama — 3

Hurricane Katrina I-10 (Mobile Bayway) and US-90 and
US-98 (Battleship Causeway)

August 30, 2005 February 26, 2006 Alabama — 180

Hurricane Ivan I-10 bridge over Escambia Bay September 16, 2004 November 20, 2004 Florida 17 66
Hurricane Matthew US-74 interstate 95 October 10, 2016 October 17, 2016 North Carolina — 7
Hurricane Ivan Bob Sikes Bridge September 16, 2004 September 22, 2004 Florida — 6
Hurricane Ivan Navarre Beach Causeway September 16, 2004 November 3, 2004 Florida — 48
Hurricane Ivan US-98 Pensacola Bay Bridge September 16, 2004 September 21, 2004 Florida — 5
Hurricane Ivan Garcon Point Bridge September 16, 2004 September 22, 2004 Florida — 6
Hurricane Ivan US-98 Lillian Highway Bridge September 16, 2004 February 19, 2005 Florida 17 137
Hurricane Ivan US-90 Escambia river causeway September 16, 2004 September 22, 2004 Florida 1 6
Hurricane Ivan Florida State Road 292 Perdido Key Bridge September 16, 2004 January 2005 Florida — 120
Hurricane Ivan Florida State Road 196 (Bayfront Parkway) September 16, 2004 December 2004 Florida — 100
Hurricane Ivan Florida State Road 291 (Davis Highway) September 16, 2004 September 17, 2004 Florida — 1
Hurricane Ivan US-98 in Santa Rosa County September 16, 2004 September 17, 2004 Florida — 1
Hurricane Ivan Florida State Road 87 September 16, 2004 September 17, 2004 Florida — 1
Hurricane Katrina Chef Menteur Pass Bridge August 29, 2005 November 30, 2005 Louisiana — 100
Hurricane Katrina US-90 and US-98 Truck

Cochrane-Africatown Bridge
August 29, 2005 August 31, 2005 Alabama — 2

Hurricane Katrina Bayou Liberty Bridge, LA-433 August 29, 2005 February 2006 Louisiana — 180
Hurricane Katrina Bayou Barataria, LA-302 August 29, 2005 September 5, 2005 Louisiana — 7
Hurricane Katrina Rigolets, US-90 August 29, 2005 September 28, 2005 Louisiana — 30
Hurricane Katrina East Pearl River, US-90 August 29, 2005 September 28, 2005 Louisiana — 30
Hurricane Katrina Henderson Point, US-90 August 29, 2005 January 24, 2007 Mississippi — 172
Hurricane Katrina Popps Ferry August 29, 2005 December 23, 2005 Mississippi — 176
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debilitating impact on the transportation network, leading to poten-
tial accessibility issues (Twumasi-Boakye et al. 2018). Details of
the transportation network configuration and regional model are
subsequently discussed in this paper.

Network Configuration

The network model adopted for this study was the Tampa Bay
Regional Planning Model (TBRPM) version 7.2, a regional model
developed under the Regional Transportation Analysis (RTA) for
planning activities (Gannett Fleming 2010). The study area corre-
sponds to the jurisdiction of the Florida Department of Transporta-
tion (FDOT), District 7, and includes Hillsborough, Pinellas, Pasco,
Hernando, Citrus, and Manatee counties of Florida. There exists
heavy trip interchange between southern Hillsborough and Pinellas
counties, making the bridges connecting these areas of high impor-
tance. Fig. 3 shows the network configuration. This network is com-
posed of 31,797 links and 3,029 zones, with 29 of these zones
representing external stations. Traffic assignment was executed
using Cube Voyager 6.1.1 simulation software by Citilabs. The
population of the RTA study area was more than 2.8 million in
2006, reflecting an annual growth rate of approximately 2% since

2000. The travel forecasting process used in the model was the
already mentioned 4-step travel demand forecasting process. The
model was obtained from the Florida Standard Urban Transporta-
tion Model Structure (FSUTMS). Bridge locations and county
jurisdictions were also obtained as shapefiles from the Florida
Geographic Data Library (FGDL).

Network Scenario Modeling

In initial studies, five bridge closure scenarios were considered in
order to determine and compare resilience indicators. The five
bridges considered are labeled in Fig. 3 and identified as Sunshine
Skyway Bridge (SSB), Bayside Bridge (BAY-B), I-275 bridge
(I-275B), Gandy Bridge (GB), and West Courtney Campbell
Causeway (WCB). Selection of these bridges was based on their
critical location to mobility and commercial activity within the
Tampa Bay area. Furthermore, these bridges are cross-waterbody
structures hence are at higher risk to hazard-induced (hurricane)
damages. Fig. 4 indicates the high traffic volumes at these bridge
locations. This implies that closure to any of them will have an
observable effect on the transportation network. This is true because
they serve as links between Pinellas and Hillsborough counties

Fig. 2. Total number of major hurricane strikes (1900–2010) by Florida county developed using ArcGIS software. (Data from National Hurricane
Center 2016.)
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as well as Pinellas and Manatee counties. Initial analysis served
as the basis for further studies involving Pinellas, Hillsborough,
and Manatee counties, which included the closure to the I-275
westbound (WB) bridge and closure to both I-275 and Gandy
bridges.

Ten scenarios and recovery sequences were considered in the
final analysis, and results are summarized in Table 4. For each
damage scenario, the damaged bridge was closed in the network
models in Cube Voyager and the regional model was rerun until a
new equilibrium was reached. This process was repeated for all
closure scenarios to obtain new link travel times, VHT and VDT.
Unlike small networks, computational costs involved in model-
ing regional networks are high and data postprocessing is
involved. For high-impact-zone analysis, model outputs for dam-
age scenarios were matched with uninterrupted network data
prior to computing speed reduction for each link. This data were

then imported into ArcMap version 10.2, a GIS-based application
for visualization.

Results and Discussion

As part of preliminary analyses, traffic volumes at the specified
bridge locations were compared with average annual daily traffic
(AADT) and peak season weekday average daily traffic (PSWADT).
The AADT data for Florida roadways were obtained from FDOTand
PSWADT values were retrieved as model outputs computed for each
link in the TBRPM. This was done to validate that the volume out-
puts from the model were comparable to traffic counts. Results are
seen in Fig. 4.

The initial analyses were done primarily to determine practi-
cal performance indicators. While travel times were considered
an obvious measure of travel, VHT and VDT were determined as

Fig. 3. Map showing the regional transportation network for the case study area.
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efficient for the large network since both metrics captured traffic
volumes on all links. In addition, the mean link speed reduction
metric was applied in this step to help identify the high-impact-
area zones where further analysis may be warranted. Enhanced
visualization using GIS analysis tools was adopted to determine

model variations from the base (undisrupted) model and identify
links of speed reduction. The visualization approach adopted in
this research was essential since it served as an efficient way to
preliminarily evaluate and communicate the effects of the bridge
closures on the regional transportation network prior to other
numerical computations.

Figs. 5(a–c) reflect the results of a network analysis involving
movement between Pinellas and Hillsborough counties. Results
are demonstrated as shortest path routing between an origin and
destination zones from Pinellas to Hillsborough counties de-
picted by 10-min isochrones. The total travel time for the selected
route was also determined and compared. Outcomes as seen in
Figs. 5(a and b) indicate travel times of 46.1 and 64.6 min for FFTT
and CTT, respectively, for the base scenario. Fig. 5(c) indicates an
enormous increase in the shortest alternative path travel time for the
I-275 bridge closure scenario, which was estimated as 109.86 min
(approximately an hour more than free flow travel time for the base
model and 45 min more than the CTT base scenario). Total regional
travel time increased by approximately 440 min and VDT increased
from 121.34 × 106 to 122.51 × 106 vehicle-kilometers (veh-km),

I-275 Closure

Origin Node

Destination Node

Origin Node

Destination Node

Origin Node

Destination Node

I-275 Closure I-275 Closure

Legend
Highway Network
Congested Speed Difference >= 1.6
Congested Speed Difference >= -1.6

Legend
Highway Network
Congested Speed Difference >= 4.8
Congested Speed Difference >= -4.8

0             8               16
km

Legend
Highway Network
Congested Speed Difference >= 8.0
Congested Speed Difference >= -8.00     8    16 32        48 64 0     8    16 32        48 64 0     8    16 32        48 64

km km km

0             8               16
km

0             8               16
km

(a) (b) (c)

(d) (e) (f)

Fig. 5. Maps showing the shortest path for TBRPM scenarios after I-275 closure and high-impact areas: (a) shortest path for unloaded network for
O-D pair at 10-min isochrone increments (46.11 min); (b) shortest path (CTT) for loaded network for O-D pair at 10-min isochrone increments
(64.6 min); (c) shortest path (CTT) (I-275 bridge closure) for O-D pair at 10-min isochrone increments (109.86 min); (d) speed difference [1.61 km=h
(1 mi=h) cutoff]; (e) speed difference [4.83 km=h (3 mi=h) cutoff]; and (f) speed difference [8.05 km=h (5 mi=h) cutoff].
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Fig. 4. Cube Voyager traffic volume outputs and traffic counts at
bridge locations.
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while VHT increased from 289 × 104 to 312 × 104 vehicle-hours
(veh-h).

Percentage reduction (or increase) in speeds for the selected
links based on the speed differences were computed and weighted
to determine the average percentage link speed reduction for the
bridge closure scenarios [Eq. (11)]. Figs. 5(d–f) provide visualiza-
tions for average percentage link speed reductions for the I-275
bridge closure scenario. Results depict highway links with increase
(or decrease) in speed differences equal to or greater than
1.61 km=h (1 mi=h), 4.83 km=h (3 mi=h), and 8.05 km=h
(5 mi=h), respectively. It was observed that a closure to the I-275
bridge leads to considerable reduction in congested speeds on the
other four bridge locations. Pinellas County and neighboring loca-
tions close to the bridges also reflect reduction in congested speed.

Further analyses were performed to compute the aggregated
resilience index. The subsequent steps specifically focused on
the identified high-impact regions, that is, Pinellas, Hillsborough,
and Manatee counties. Index values were then estimated using
Eqs. (13)–(21). A numerical illustration of this approach is seen
in Tables 2 and 3. In this illustration, the uninterrupted network
was initially disrupted by complete closure to the I-275 bridge,
resulting in reduced functionality. Second, the eastbound direction
of the I-275 bridge was reopened, and this represents the case of
partial closure (only the I-275 WB remained closed). Finally, the
entire bridge was reopened as the transportation system returned
to pre-event functionality. The computed resilience index was

based on pertinent bridges connecting Pinellas and Hillsborough
counties.

Fig. 6 diagrammatically explains the computation of resil-
ience indexes for the three scenarios described in this paper.
Fig. 6(a), which depicts partial closure to I-275 for VHT-
based performance, is typical for closures to West Courtney
Campbell Causeway and the Gandy, Sunshine Skyway, and
Bayside bridges, the main difference being recovery times.
Fig. 6(c) represents the resilience diagram for I-275 closure
with partial restoration (recovery) prior to complete bridge
restoration.

Computations for Fig. 6 are as follows:
For Fig. 6(a)

A1 ¼ 3 × ð1 − 0.843Þ ¼ 0.471;

A2 ¼ 48.5 × ð1 − 0.843Þ ¼ 7.615;

A3 ¼ 133 × ð1 − 0.843Þ ¼ 20.881

RVHT ¼ ð1 − 1=3 × ð0.471þ 7.615þ 20.881Þ=61.7Þ ¼ 0.8435

A1 ¼ 3 × ð1 − 0.878Þ ¼ 0.366;

A2 ¼ 48.5 × ð1 − 0.878Þ ¼ 5.917;

A3 ¼ 133 × ð1 − 0.878Þ ¼ 16.226

RVDT ¼ ð1 − 1=3 × ð0.366þ 5.917þ 16.226Þ=61.7Þ ¼ 0.8784

Aggregate Resilience Index ¼ averageðRVHT;RVDTÞ ¼ 0.861

Table 2. Illustrative results for I-275 bridge closure

Bridge
Length
(km)

Free flow
speed (km=h)

Congested
speed (km=h)

Travel
time (min)

Total
VHT (veh-h)

Total
VDT (veh-km)

Uninterrupted network
West Courtney Campbell Causeway 13.71 88.51 48.06 15.48 15,196.05 808,274.82
Bayside 4.99 75.63 52.32 5.72 7,472.69 391,002.05
Gandy 8.93 72.42 65.16 8.23 5,137.87 334,757.48
Highway 580 1.96 53.11 18.93 6.18 3,873.93 73,685.02
Sunshine Skyway eastbound 15.16 88.51 48.22 17.63 9,575.85 494,209.73
Sunshine Skyway westbound 15.29 88.51 50.89 17.99 9,892.45 504,239.58
I-275 eastbound 9.37 80.47 51.40 10.94 14,254.78 732,753.64
I-275 westbound 9.25 80.47 51.66 10.74 14,040.60 725,315.09

Complete closure to I-275 bridge
West Courtney Campbell Causeway 13.71 88.51 19.46 40.71 61,117.15 1,235,913.07
Bayside 4.99 75.63 30.03 9.97 17,808.58 534,830.70
Gandy 8.93 72.42 17.82 30.04 42,856.57 765,209.77
Highway 580 1.96 53.11 8.34 14.07 11,480.72 95,934.49
Sunshine Skyway eastbound 15.16 88.51 39.25 22.37 15,677.87 15,4391.60
Sunshine Skyway westbound 15.29 88.51 40.76 22.46 15,656.51 639,325.97

Partial closure to I-275 bridge (WB)
West Courtney Campbell Causeway 13.71 88.51 44.50 16.82 17,507.60 857,029.06
Bayside 4.99 75.63 48.41 6.18 8,654.16 418,870.90
Gandy 8.93 72.42 54.77 9.78 7,947.57 435,976.76
Highway 580 1.96 53.11 19.55 5.98 3,733.23 73,417.47
Sunshine Skyway eastbound 15.16 88.51 48.47 17.53 9,549.24 495,642.31
Sunshine Skyway westbound 15.29 88.51 51.05 17.94 9,839.49 503,056.52
I-275 eastbound 9.37 80.47 29.27 19.19 22,984.76 673,535.54

Table 3. Aggregated resilience index

Network Total VHT (veh-h) Total VDT (veh-km) PIVHT PIVDT ϕPIVHT ϕPIVDT Tmod (days) Text (days) Tcomp (days)

Uninterrupted 79,444.22 4,064,237.40 0.61 0.62 1 1 — — —
Complete I-275 closure 164,597.4 3,909,284.10 0.29 0.32 0.47 0.53 3 48.5 133
Partial I-275 closure 80,216.06 3,457,528.55 0.51 0.54 0.84 0.88 1 18.5 33

Note: RVHT ¼ 0.468; RVDT ¼ 0.527; and ARI ¼ 0.498.
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For Fig. 6(b)

A1 ¼ 3 × ð1 − 0.466Þ ¼ 1.602;

A2 ¼ 48.5 × ð1 − 0.466Þ ¼ 25.899;

A3 ¼ 133 × ð1 − 0.466Þ ¼ 71.022

RVHT ¼ ð1 − 1=3 × ð1.602þ 25.899þ 71.022Þ=61.7Þ ¼ 0.468

A1 ¼ 3 × ð1 − 0.525Þ ¼ 1.425;

A2 ¼ 48.5 × ð1 − 0.525Þ ¼ 23.038;

A3 ¼ 133 × ð1 − 0.525Þ ¼ 63.175

RVDT ¼ ð1 − 1=3 × ð1.425þ 23.038þ 63.175Þ=61.7Þ ¼ 0.527

Aggregate Resilience Index ¼ averageðRVHT;RVDTÞ ¼ 0.498

For Fig. 6(c)

A1 ¼ ð1 × ð1 − 0.466ÞÞ þ ð2 × ð1 − 0.843ÞÞ ¼ 0.848;

A2 ¼ ð18.5 × ð1 − 0.466ÞÞ þ ð30 × ð1 − 0.843ÞÞ ¼ 14.589;

A3 ¼ ð33 × ð1 − 0.466ÞÞ þ ð100 × ð1 − 0.843ÞÞ ¼ 33.322

RVHT ¼ ð1 − ðA1þ A2þ A3Þ=ð3 × 61.7ÞÞ ¼ 0.737

A1 ¼ ð1 × ð1 − 0.525ÞÞ þ ð2 × ð1 − 0.878ÞÞ ¼ 0.719;

A2 ¼ ð18.5 × ð1 − 0.525ÞÞ þ ð30 × ð1 − 0.878ÞÞ ¼ 12.448;

A3 ¼ ð33 × ð1 − 0.525ÞÞ þ ð100 × ð1 − 0.878ÞÞ ¼ 27.875

RVDT ¼ ð1 − ðA1þ A2þ A3Þ=ð3 × 61.7ÞÞ ¼ 0.778

Aggregate Resilience Index ¼ averageðRVHT;RVDTÞ ¼ 0.758

Table 4 shows results for index computations for each metric.
Closure to the I-275 bridge was observed to result in a noticeable
increase in travel time as well as VHT. It was, however, detected
that in most cases, indicators relating to travel time demonstrated
higher index values compared with those involving vehicle distance
traveled. This observation is attributed to the fact that increases in
travel times are very prominent during congested conditions when
traveling a fixed distance, meaning that during bridge closure oc-
currences, rerouting through an alternative path may only increase
travel distance to the point of the physical length of that alternative
network route, which does not necessarily change significantly;
hence, while travel time could double for a trip, travel distance does
not behave in the same fashion. This is clearly observed with the
I-275 bridge closure scenario in which VHT-related performance
was much lower than VDT-related performance. Both metrics
are, however, important since delay and operating costs vary when
evaluating user costs.

The aggregated network resilience index seen in Table 4 is
scaled from 0 to 1, with 1 indicative of no change from existing
conditions, or an uninterrupted network, and 0 representing a net-
work with severe performance deficits. Results show that complete
closure to the I-275 bridge results in a low resilience index of 0.498,
representing significant reduction in network performance. Closure
to the West Courtney Campbell Causeway, however, results in a
network-level resilience index value of 0.87, while the indexes
for the other scenarios range between 0.76 and 0.97. These results
reflect the high dependency of the network on the I-275 bridge.
Damage to this bridge is envisaged to have a massive impact on
the network in terms of travel cost. Lower resilience index values
imply increased loss in resilience, which communicates either sig-
nificant functionality losses or lengthy closure durations or both.
Travel costs were therefore observed to increase when resilience

indexes were lower, suggesting an increase in transportation user
costs and limitations in mobility.

Conclusions

In this paper, a framework and computational approach for evalu-
ating the resilience of regional transportation networks has been
developed. This method provides a preliminary identification of
zones that have been most impacted in the transportation network
during bridge closure events. A new metric has been developed that
identifies areas for immediate action (high-impact zones) by locat-
ing regions with minimal to high mean link speed reductions. The
relevance of the proposed metric is stressed for a regional analysis
for large networks and serves as pointers to areas that require fur-
ther resilience evaluation. The use of scenario-based modeling in
Cube Voyager and GIS visualization techniques will aid in commu-
nicating the specific locations to direct immediate attention after
hazard occurrence to responsible agencies.

The aggregated resilience index developed in this study utilized
metrics mainly used in transportation user cost computations,
i.e., the VDT and VHT. These metrics were combined with

Fig. 6. Resilience diagrams illustrating I-275 bridge closure scenarios
(not to scale).
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congested speeds and free flow speeds to provide a performance
metric used to measure resilience. This is a modification of the
mobility performance index based on truck distance traveled devel-
oped by Zhang et al. (2009). This modified index explains regional
mobility effects or changes based on both distance traveled and
time traveled. The development of the index accounted for the
use of recovery times based on expected damage states for bridges.
The authors believe that the developed aggregated index is effective
in capturing resilience based on varying recovery times.

Findings from an application example on the Tampa Bay,
Florida, regional network reflected significant regional resilience
losses when analyzed for bridge closures. Closure to the I-275
bridge was observed to have the most significant impact on the net-
work because the resilience index was less than 0.5, signifying se-
vere network functionality losses, increase in delays, and mobility
limitations. This substantial loss is, however, minimized when re-
covery efforts included partial (one direction) restoration of the
bridge prior to complete recovery. The resilience index improved
to 0.758.

The importance of the I-275 bridge to the network was further
reinforced when even partial (westbound direction) operation of the
bridge indicated a resilience index (0.861) comparable to complete
closures to Gandy Bridge (0.881) and West Courtney Campbell
Causeway (0.873). These findings are relevant in ensuring that
measures are put in place to contain the effects of unforeseen clo-
sures to such important bridges, whether in the event of hurricanes
or other potential hazards. Findings show possibilities of traffic
gridlocks on several roadways in the Pinellas and Hillsborough
counties in the event of closure to the I-275 bridge.

The authors recommend that future work should focus on inves-
tigating the influence of alternative modes of travel as a measure of
redundancy in improving network resiliency during bridge and
road closures. Regional-level studies are encouraged due to the
ripple effects of closures on ignored sections on regional networks.
Agencies are also encouraged to keep records of bridge closure
durations, especially after hazard events, because this will help in
research studies on the recovery phase of resilience and will allow
the proper calculations during implementation of the proposed
approach.
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