
applied  
sciences

Article

Analysis of Macroscopic Traffic Network Impacted by
Structural Damage to Bridges from Earthquakes

Joongmin Cho 1, Young-Joo Lee 2 , Seongkwan Mark Lee 3 , Ki Han Song 4 and Wonho Suh 1,*

����������
�������

Citation: Cho, J.; Lee, Y.-J.; Lee, S.M.;

Song, K.H.; Suh, W. Analysis of

Macroscopic Traffic Network

Impacted by Structural Damage to

Bridges from Earthquakes. Appl. Sci.

2021, 11, 3226. https://doi.org/

10.3390/app11073226

Academic Editor:

Minvydas Ragulskis

Received: 17 February 2021

Accepted: 1 April 2021

Published: 3 April 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Smart City Engineering, Hanyang University ERICA Campus, Ansan 15588, Korea;
heecs123@hanyang.ac.kr

2 Department of Urban and Environmental Engineering, Ulsan National Institute of Science and Technology,
Ulsan 44919, Korea; ylee@unist.ac.kr

3 Department of Civil Engineering, King Saud University, Riyadh 11421, Saudi Arabia; slee@ksu.edu.sa
4 Department of Aviation, Korea Transport Institute, Sejong 30147, Korea; kihansong@koti.re.kr
* Correspondence: wonhosuh@hanyang.ac.kr; Tel.: +82-3-1400-5154

Abstract: Highway systems play a key role in providing mobility to society, especially during
emergency situations, including earthquakes. Bridges in highway systems are susceptible to damage
from earthquakes, causing traffic capacity loss leading to a serious impact on surrounding areas.
To better prepare for such scenarios, it is important to estimate capacity loss and traffic disruptions
from earthquakes. For this purpose, a traffic-capacity-analysisbased methodology was developed to
model the performance of a transportation network immediately following an earthquake using a
macroscopic multi-level urban traffic planning simulation model EMME4. This method employs
the second order linear approximation (SOLA) traffic assignment and calculates total system travel
time for various capacity loss scenarios due to bridge damage from earthquakes. It has been applied
to Pohang City in Korea to evaluate the performance of traffic networks in various situations. The
results indicate a significant increase in travel time and a decrease in travel speed as the intensity of
an earthquake increases. However, the impact on traffic volume varies depending on the bridges. It
is assumed that the location of the bridges and traffic routing patterns might be the main reason. The
results are expected to help estimate the impact on transportation networks when earthquakes cause
traffic capacity loss on bridges.

Keywords: bridge traffic analysis; system travel time; macroscopic assignment; earthquake analysis

1. Introduction

An earthquake is defined as a ‘’natural disaster” in accordance with the Framework
Act on Disaster and Safety Management [1], and it can negatively impact structures,
communication, and traffic. The frequency of earthquakes in Korea has increased, and since
1999, an average of 69.9 occurrences of earthquakes have occurred per year [2]. Furthermore,
the frequency of occurrences and the magnitude of earthquakes have increased significantly
since 2015. Therefore, more attention needs to be directed to mitigate various impact
from earthquakes.

Recent earthquakes in Korea have been concentrated near Pohang City in Gyeongsangbuk-
do. The following figure shows where earthquakes of magnitude 3.0 or higher occurred from
1 January 1990, to 30 March 2020 [2]. As shown in the figure, 15 earthquakes have occurred
with greater number of earthquakes on land than at sea. Table 1 shows details of the earth-
quakes depicted in Figure 1.

A bridge’s structural failure can disrupt traffic flow and degrade network perfor-
mance [1]. One of the biggest impacts during earthquakes is disconnection of bridge
transport networks, which could hamper post-earthquake emergency responses, such as
the movement of emergency vehicles. Hence, analysis of traffic network is needed to better
understand the overall impact caused by structural damages to bridges from earthquakes.
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Table 1. Earthquakes with magnitude 3.0 and above in Pohang City [2].

No. Date Magnitude Depth (km) Latitude Longtitude

1 1990 October 22 18:09:35 3.4 – 35.90 N 130.00 E

2 1999 April 24 01:35:14 3.2 – 36.00 N 129.30 E

3 2002 July 09 04:01:51 3.8 – 35.90 N 129.60 E

4 2011 March 28 13:50:29 3.2 – 35.97 N 129.95 E

5 2017 April 15 11:31:13 3.1 – 36.11 N 129.36 E

6 2017 November 15 14:29:31 5.4 7 36.11 N 129.37 E

7 2017 November 15 14:32:59 3.6 8 36.10 N 129.36 E

8 2017 November 15 15:09:49 3.5 8 36.09 N 129.34 E

9 2017 November 15 16:49:30 4.3 10 36.12 N 129.36 E

10 2017 November 16 09:02:42 3.6 8 36.12 N 129.37 E

11 2017 November 19 23:45:47 3.5 9 36.12 N 129.36 E

12 2017 November 20 06:05:15 3.6 12 36.14 N 129.36 E

13 2017 December 25 16:19:22 3.5 10 36.11 N 129.36 E

14 2018 February 11 05:03:03 4.6 9 36.08 N 129.33 E

15 2019 February 10 12:53:38 4.1 21 36.16 N 129.90 EAppl. Sci. 2018, 8, x FOR PEER REVIEW  2 of 11 
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2. Literature Review

In the last several decades, various researchers have modeled structural damage
to bridges using different analysis methods. Hosseini et al. proposed a multi-objective
optimization algorithm (non-dominated sorting genetic algorithm (NSGA)-II) to minimize
the deck acceleration and mid-span displacement [4]. In the later work, they proposed a
multi-objective optimization algorithm named NSGA-II to determine the optimum radius
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for shape memory alloy [5]. They optimized the radius for the shape memory alloy and
implemented a benchmark bridge to reduce excessive displacements.

While structural damages from earthquakes have been investigated in various capaci-
ties, other researchers have focused on estimating the performance of highway networks
due to bridge damage from earthquakes. They examined the impact of traffic networks
and the resilience of bridges after earthquakes. Tak et al. presented a new methodology for
seismic severity assessment using the probabilistic seismic hazard analysis (PSHA) method,
measured system-level performance using matrix-based frameworks, and evaluated seis-
mic risk using total probability theorem, thus providing the bridges in Pohang with new
methodologies, such as the magnitude of earthquakes and uncertainties following the past
earthquake cases and uncertainty [6]. Byun emphasized the need to efficiently adjust the
evacuation of residents in case of emergency and strengthen the joint response system
of civilian, government, and military officials. The research was conducted with the aim
of finding ways to minimize damage and social damage of residents in the event of a
disaster [7].

Yoon et al. proposed an artificial-neural-network-based surrogate model for acceler-
ated seismic risk assessment of a system-level bridge transportation network. Total system
travel time was analyzed as a performance index to evaluate the performance of the bridge
network. It was stated that total system travel time calculation was to be adopted as a per-
formance index due to high calculation costs [8]. Yeom performed a one-to-one algorithm
for dynamic evacuation routes searching under events of natural disasters. For the analysis,
the moving cell model was applied to find dynamic routes [9]. Kim et al. proposed a
method of assessing changes in traffic flow after earthquakes in California and developed
a probability model to quantify degree of damage to traffic networks after bridge repair
and reinforcement. Structural damage of bridges was analyzed based on delay time using
capacity and changing initial speed [10]. Na et al. proposed a method to prioritize seismic
reinforcement of bridges within road networks in California and created probabilistic
earthquake scenarios to evaluate the effects of seismic reinforcement by measuring traffic
delay for various scenarios [11].

Lee proposed a methodology to select disaster evacuation roads after the Great East
Japan Earthquake. The disaster response transportation plan was developed by separating
emergency transportation routes [12]. Chang et al. developed a scenario-based methodol-
ogy to integrate trip distribution and an assignment model to measure the performance of
post-earthquake transportation systems. The proposed model was applied to the Sioux
Falls road network [13].

While structural damages from earthquakes have been investigated in various ca-
pacities, there has been a limited examination of the impact on traffic networks and the
resilience of bridges after earthquakes [14–27]. Additionally, most impact analyses of traffic
networks have been based on the simplified application of traffic capacity. To better analyze
traffic networks impacted by structural damage to bridges from earthquakes, various speed
restrictions and lane closure scenarios are examined in this study.

3. Model Development

Traffic simulation software packages have been widely used in modelling, planning,
and analysis of traffic networks and systems [28–31]. Traffic simulation models generally
can be classified into microscopic, mesoscopic, and macroscopic models. Microscopic
traffic simulation programs model individual vehicles of transportation systems, while
macroscopic simulation programs aggregate characteristics of traffic elements with more
simplified networks. In this study, large-scale performance of traffic network is investigated
for various capacity loss scenarios due to bridge damage from earthquakes. Since aggregate
characteristics of traffic elements such as total system travel time and average speed are
compared with difference scenarios, macroscopic approach is selected for the investigation.
Among many other macroscopic traffic simulation models, EMME4 was selected for the
analysis [32,33]. EMME4 is a multimodal traffic planning prediction system consisting of
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complementary software applications. This model is used by planners to implement a
mobility model allowing virtual laboratories to test the impact and interactions of traffic
policies, demographics, and urban geography on available traffic infrastructure. Among
various allocation techniques in the EMME4 program, input data for EMME include
origin/destination trip matrix and highway network data with detailed information about
each highway link, for example, node, length, link type, number of lanes, speed limit, and
volume-delay function. Output from the model include traffic volume, travel speed, and
travel time for each link. Detailed information about the program can be found in [34,35].
Among many available assignment tools provided in EMME4, second line approximation
(SOLA) assignment was used in this study. SOLA is an extremely efficient implementation
of linear approximation transformation, a method that is rapidly converted into a finer
solution than other linear approximation. Additionally, this method provides significant
performance benefits to multiprocessing systems. The definition of SOLA allocation
techniques is described in [32] as follows: “The algorithm that has been influenced in the
Second Line Approximation (SOLA) traffic assignment tool is an efficient multi-threaded
adjustment of the bi-conjugate line expansion method for operation of the solution”.
Ref. [36]. The behavioral assumption of the problem with the equilibrium allocation method
is that each user chooses the path they know best. If there is a shorter route than the one
on which the driver is travelling, the driver will choose that route. This leads to a flow
that satisfies the Wardrop’s user-optimal principle that no user can improve travel time by
changing paths. Recently, it has been demonstrated by empirical studies using GPS and GIS
technologies that people’s actual route choice practice has discrepancies with the Wardrop’s
user-optimal principle [37]. Zhu and Levinson found that about two-thirds of the subject
drivers did not use the shortest travel time path during a three-week study time period.
However, in most circumstances, people choose routes that were less than 5 min longer
than the shortest time routes. Therefore, it can be argued that travelers are still rational
following the Wardrop’s user-optimal principle in minimizing their perceived travel time
while limited in their capacity to get perfect information. The advantage of the Wardrop’s
user-optimal principle is that this behavioral assumption allows traffic simulation software
programs to solve the network assignment problems with mathematical computations. For
this reason, transportation simulation software programs have been using this concept
for decades for network assignment problems. Under this assumption, travel times in all
routes actually used are equal and less than those that would be experienced by a single
vehicle on any unused route. This principle has been accepted as a sound and simple
behavioral principle to describe route choice over alternate routes due to congested traffic
conditions [38].

To solve the equilibrium problem, the SOLA method in EMME4 has many advantages,
including (1) traffic does not need to be explicitly stored, so there are not many data
storage requirements; (2) it is parallelized with new multiprocessor and shared memory
architectures; and (3) when fully fused, a quasi-probability path flow—a unique link/turn
class flow—is created and proportionality is observed.

To model the Pohang area, Daegu Metropolitan Area Network and Daegu Metropoli-
tan Area Origin/Destination Data distributed by the National Transportation Database
Center were used to create a network around Pohang, Gyeongsangbuk-do (Figure 2). In
the network model, initial speed and VDF (volume delay function) parameters for each
link were modified to represent actual traffic volume on the road.
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For the analysis of macroscopic traffic network impacted by structural damage to
bridges from earthquakes, seven bridges in Pohang City were selected due to their proxim-
ity to shelters in the area. Table 2 shows detailed information of the selected bridges and
Figure 3 displays location of the selected bridges.

Table 2. Information of selected bridges.

Name of Bridge Total Length (km) Num of Lanes Speed Limit (km/h)

No.1 Bridge Hyeongsan Bridge 0.68 10 60

No.2 Bridge Seoman Bridge 0.76 6 60

No.3 Bridge Yeonil Bridge 0.43 7 60

No.4 Bridge Yookang Bridge 0.47 5 80

No.5 Bridge Dongbin Bridge 0.21 4 40

No.6 Bridge Songdo Bridge 0.07 6 50

No.7 Bridge Haedo Bridge 0.08 7 60
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In the event of earthquakes, some lanes will be closed to general purpose vehicles in order
to accommodate emergency vehicles. Additionally, speed limit will be imposed to mitigate
structural damages to bridges. Therefore, these conditions were included in this study.

Three different structural damage levels to bridges were considered in this study:
minor damage, moderate damage, and major damage. Based on this parameter, lanes in
use and speed limit were varied to replicate scenarios caused by damage to bridges from
earthquakes. For comparison purposes, no damage scenario was included. In this paper, it
is assumed that in minor damage scenario, approximately 30% of lanes would be closed
and speed limit would be lowered to approximately 70% of the speed limit of “No Damage”
scenario. Additionally, in more significant damage scenarios, “Moderate Damage” and
“Major Damage”, approximately 60% and 80% of lanes, would be closed and speed limit
would be lowered to approximately 30% and 20% of “No Damage” scenario, respectively.
Table 3 displays lanes in use and speed limit information for each scenario.

Table 3. Bridge operation scenarios.

No Damage Minor Damage Moderate Damage Major Damage

Lanes in
Use

Speed
Limit

Lanes
in Use

Speed
Limit

Lanes
in Use

Speed
Limit

Lanes
in Use

Speed
Limit

No.1 Bridge 10 60 8 40 4 20 2 10

No.2 Bridge 6 60 4 40 2 20 2 10

No.3 Bridge 7 60 4 40 2 20 2 10

No.4 Bridge 5 80 2 60 2 40 2 20

No.5 Bridge 4 40 2 30 2 20 2 10

No.6 Bridge 6 50 4 30 2 20 2 10

No.7 Bridge 7 60 4 40 2 20 2 10

4. Analysis

Simulation output for the no damage scenario is provide in Table 4. According to the
results, average travel time ranged from 0.08 min to 0.85 min per bridge and average travel
speed ranged from 37.2 km/h to 57.3 km/h. Traffic volume displayed a larger range.

Table 4. No damage scenario simulation results.

Travel Time (min) Speed (km/h) Traffic Volume

No.1 bridge 10 Lanes 60 km/h 0.85 45.1 32,105

No.2 bridge 6 Lanes 60 km/h 0.80 56.9 9900

No.3 bridge 7 Lanes 60 km/h 0.51 51.2 14,529

No.4 bridge 5 Lanes 80 km/h 0.58 49.7 33,314

No.5 bridge 4 Lanes 40 km/h 0.36 37.2 3987

No.6 bridge 6 Lanes 50 km/h 0.09 46.4 6139

No.7 bridge 7 Lanes 60 km/h 0.08 57.3 6012

Simulation output for the minor damage scenario is provided in Table 5. According to
the results, average travel time ranged from 0.14 min to 2.24 min per bridge and average
travel speed ranged from 12.6 km/h to 35.3 km/h. Due to lane closure and reduction in speed
limit, average travel time increased while average travel speed decreased in this scenario.
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Table 5. Minor damage scenario simulation results.

Travel Time (min) Speed (km/h) Traffic Volume

No.1 bridge 8 Lanes 40 km/h 1.37 27.6 32,387

No.2 bridge 4 Lanes 40 km/h 1.3 35.2 10,598

No.3 bridge 4 Lanes 40 km/h 0.93 27.7 14,418

No.4 bridge 2 Lanes 60 km/h 2.24 12.6 31,009

No.5 bridge 2 Lanes 30 km/h 0.51 25.2 3539

No.6 bridge 4 Lanes 30 km/h 0.16 27.5 4428

No.7 bridge 4 Lanes 40 km/h 0.14 35.3 5672

Simulation output for the minor damage scenario is provide in Table 6. According to
the results, average travel time ranged from 0.25 min to 4.29 min per bridge and average
travel speed ranged from 7.6 km/h to 16.9 km/h.

Table 6. Moderate damage scenario simulation results.

Travel Time (min) Speed (km/h) Traffic Volume

No.1 bridge 4 Lanes 20 km/h 4.29 8.8 28,969

No.2 bridge 2 Lanes 20 km/h 3.70 12.4 11,593

No.3 bridge 2 Lanes 20 km/h 3.21 8.04 14,149

No.4 bridge 2 Lanes 40 km/h 3.7 7.6 32,707

No.5 bridge 2 Lanes 20 km/h 0.73 17.3 3083

No.6 bridge 2 Lanes 20 km/h 0.25 16.8 3523

No.7 bridge 2 Lanes 20 km/h 0.29 16.9 3455

Simulation output for the minor damage scenario is provide in Table 7. According to
the results, average travel time ranged from 0.45 min to 17.81 min per bridge and average
travel speed ranged from 2.0 km/h to 11.8 km/h.

Table 7. Major damage scenario simulation results.

Travel Time (min) Speed (km/h) Traffic Volume

No.1 bridge 2 Lanes 10 km/h 17.81 2.0 28,052

No.2 bridge 2 Lanes 10 km/h 10.11 4.5 16,450

No.3 bridge 2 Lanes 10 km/h 7.71 3.5 16,420

No.4 bridge 2 Lanes 20 km/h 12.58 2.2 43,211

No.5 bridge 2 Lanes 10 km/h 1.14 11.8 3915

No.6 bridge 2 Lanes 10 km/h 0.45 9.4 1792

No.7 bridge 2 Lanes 10 km/h 0.51 9.5 1730

Table 8 and Figure 4 display average travel time comparisons for the selected scenarios.
As expected, major damage scenario shows the most increase in average travel time. Bridges
connecting southern and northern part of the city (Bridges 1 through 4) had greater increase
compared to other bridges (Bridges 5 through 7). Table 9 and Figure 5 show average travel
speed comparisons. Similar to the travel time comparison, Bridges 1 through 4 demonstrate
higher speed reduction. Bridge 5 was less affected by the earthquakes showing the least
speed decrease and travel time increase. It is believed that Bridges 1 through 4 are more
critical to serve the northbound and southbound traffic, while Bridge 5 is positioned to
handle relatively small number of traffic volume in northeast corner of the city.
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Table 8. Travel time comparison.

No.1
Bridge

No.2
Bridge

No.3
Bridge

No.4
Bridge

No.5
Bridge

No.6
Bridge

No.7
Bridge

Minor Damage 61% 62% 84% 286% 51% 72% 69%

Moderate Damage 406% 362% 536% 537% 118% 178% 256%

Major Damage 2001% 1163% 1426% 2069% 239% 400% 538%
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Table 10 shows traffic volume comparisons for the selected scenarios. It is apparent
that some traffic volumes were diverted to other bridges. For example, higher number
of traffic volume passed through Bridges 2 and 4, while there was significant diversion
on Bridges 6 and 7. Vehicles that used Bridges 6 or 7 might have taken alternative routes
to minimize their travel times. This diversion can be studied with further information of
traffic volume on nearby highway links.

Table 10. Traffic volume comparison.

No.1
Bridge

No.2
Bridge

No.3
Bridge

No.4
Bridge

No.5
Bridge

No.6
Bridge

No.7
Bridge

Minor Damage 1% 7% −1% −7% −11% −28% −6%

Moderate Damage −10% 17% −3% −2% −23% −43% −43%

Major Damage −12% 66% 13% 30% −2% −71% −71%

5. Conclusions

Highway systems play a key role in providing mobility to society, especially during
emergency situations including earthquakes. Bridges in highway systems are susceptible
to damage from earthquakes, causing traffic capacity loss leading to a serious impact
in surrounding areas. To better prepare for such scenarios, it is important to estimate
capacity loss and traffic disruptions from earthquakes. For this purpose, a traffic capacity
analysis-based methodology is developed to model the performance of a transportation
network immediately following an earthquake using a macroscopic multi-level urban
traffic planning simulation model EMME4. The proposed method employs the second
order linear approximation (SOLA) traffic assignment and calculates total system travel
time for various capacity loss scenarios due to bridge damage from earthquakes. The
proposed methodology is applied to Pohang City in Korea to evaluate the performance
of traffic network for various scenarios. As expected, travel time increases and travel
speed decreases significantly as the intensity of earthquake increases. However, similar
correlation is not found in traffic volume. It seems that traffic volume of bridges varies
depending on the location of the bridge. It is believed that changes in traffic routing at
different levels of earthquake scenarios lead to different traffic volume outputs. Based on
the traffic volume comparison, there was significant diversion on Bridges 2 and 4 from
Bridge 1. Additionally, fewer vehicles have taken Bridges 5 or 6. It is believed that vehicles
that used Bridges 5 or 7 might have taken alternative routes to minimize their travel times.
From the results, it was readily seen that Bridges 2 and 4 would play a significant role
when the functionality of other bridges was impacted by an earthquake. The results are
expected to help estimate the impacts on transportation network when earthquakes bring
traffic capacity loss on bridges. In this study, the same origin and destination table was
utilized for all scenarios. However, travel patterns and behaviors differ greatly in events of
natural disasters, including earthquakes. While it is almost impossible to predict this exact
travel pattern, it might be advantageous to develop a framework enabling exploration
of potential scenarios where travel behaviors are significantly altered due to earthquakes.
The outcome of this study should help one analyze the traffic network impact caused by
structural damage to bridges due to earthquakes.
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