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Abstract: In this study, we focus on resilience as the ability of specific infrastructure systems at
the regional scale to absorb the shocks of extreme events, such as earthquakes. The occurrence of
a disaster such as an earthquake leads to a rapid decrease in infrastructure performance. In the
case of road networks, performance might refer to the number of drivers using the road within a
certain period of time. The objective of this study is to propose a quantitative evaluation method to
analyze road network performance (or performance loss) when natural disasters occur. Furthermore,
we use cluster analysis and consider the performance loss and asset value in an attempt to propose a
method to determine the critical path that should be prioritized for maintenance. This study aimed
at analyzing hazard resilience from the network aspect through a scenario analysis depending on
damage recovery after disaster occurrence. This study compared the hazard resilience speed to
recover existing performance according to the scenario for damage recovery targeting the selected
road network. It was found that the total increase in the utility (e.g., total travel time saved) gradually
diminished as the restoration cost increased.
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1. Introduction

Road network related assets, such as roads, bridges, and tunnels, are critical infrastructure
components that support the economic activities of the surrounding population. If disasters or
unexpected situations occur that impact the performance of these networks, there is a high probability
that the disruption will diffuse into the surrounding area and can result in the paralysis of the larger
network due to the resulting chaos. Because road networks play a pivotal role in evacuation, relief,
and rescue efforts over both the short and long term in real disaster situations, it is essential that a
disaster prevention plan be developed ahead of time and that the road maintenance be performed
regularly to ensure the network will function optimally in times of great need.

In many developed countries, including the U.S. and Japan, national and local governments
collaborate to establish infrastructure related disaster prevention and restoration plans, to designate
certain major roads for both emergency evacuation and transportation, and to train and prepare
personnel on how best to respond in order to minimize the damage from disasters [1,2].

Increases in the amount of unusual weather due to global warming raises the likelihood of various
unexpected situations. The Department for Transport in the UK [3] conducted a study predicting the
probability of performance reduction in the traffic sector due to various unexpected situations and
the Department of Transport in the U.S. [1] classified the absorption and restoration processes of the
traffic system in the event of disasters into several stages, including preparation, impact, response,
and restoration, and presented strategies to improve the resilience before and after a disaster event.
In both cases, the importance of addressing the risk of disasters in order to minimize their effects and
overcome unexpected situations was emphasized.
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The term resilience, which has a long history, with roots in ecology, engineering and psychology,
has also been defined in different ways [4]. Within mathematics, physics and engineering, it is often
described as the capacity of an ecosystem to “bounce-back” or return to a steady-state equilibrium [4].
The definition of resilience is very diverse in each field, and the engineering resilience therefore focuses
on maintaining efficiency of function, constancy of the system, and a predictable world near a single
steady state [5]. In other words, it could be defined as the “ability of a system to recover system
function by overcoming instability caused by internal or external impact due to occurrence of an event
or the like”. Bruneau et al. [6] defined the resilience of a community to an earthquake and presented a
method for quantitatively measuring the same. Rose [7] studied the differences between static and
dynamic resilience, compared the changes in the performance of the network during a disaster from
an economic perspective, and provided a method for quantifying the resilience.

Many studies are also actively underway on disaster control and the measurement and evaluation
of the resilience of infrastructure. In Japan and the U.S., where disasters frequently occur, various
studies on disaster/accident control, evacuation, and emergency evacuation road selection have been
conducted in order to prevent accidents from typhoons, floods, earthquakes, and terrorism. Many of
these studies employed traffic simulation software to better evaluate traffic patterns and load during
primarily evacuation events. There have also been studies to investigate disaster prevention measures
for evacuation plans and to develop methods to reduce the evacuation time from disaster-stricken
areas [8,9]. The studies that evaluated evacuation strategy methods tested lane-based routing [10,11]
and contraflow [12] techniques. Cova et al. [10] surmised that most traffic jams in evacuation areas
occur at crossroads and therefore conducted a study that applied the lane-based routing method to
the estimation of the best path through a crossroads for quick evacuation. Zhang et al. [13] examined
changes in the performance of a road network in large scale areas based on the movement path
of a hurricane in the Gulf Coast. That study employed the TRANSIMS (TRansportation ANalysis
SIMulation System) simulation package and found that an evacuation strategy that used a reverse
direction lane increased the total system efficiency. They also conducted a study on the effects of this
strategy in an emergency evacuation situation.

Previous studies have focused on resilience assessment for lifelines such as road networks
using flow diagrams and complex network theory [14–16]. Aydin et al. [14] studied the recovery
behavior of road networks and simplified the evaluation process using rural transportation networks.
Ganin et al. [15] focused on multi-level directed acyclic graphs and interdependent networks, and
demonstrated how network parameters can be traded off to obtain desired levels of resilience and
other performance parameters. McDaniels et al. [16] showed that both the speed of recovery and the
impact resistance can be improved by appropriate organizational responses. Many studies to date have
evaluated the resilience based on various related indicators (urban resilience and vulnerability) [17–19].
For example, the vulnerability of a road network can be measured based on an accessibility sensitivity
indicator according to the changes in the total travel time or traffic network state due to the closure of
a specific road [18,19]. Studies have also been conducted to evaluate the resilience of cities in terms of
their architecture [17].

In the U.S. and New Zealand, an infrastructure asset management (IAM) concept was adopted
that includes the life cycle cost analysis (LCCA) method for long-term infrastructure performance
management and control [20,21]. The definition of an asset management system should include
existing engineering concepts and accounting asset concepts to ensure the appropriate control and
oversight of roads to maximize their level of service (LOS). In addition, such a system should include
the requirement for suitable budgets to ensure the optimal repair and maintenance of roads as well as
a plan to establish and operate long-term assets. This is the current approach in the U.S., U.K., and
Australia [21–23].

The ISO-55000 series details information related to international standards and procedures
regarding infrastructure asset management in developed countries [20]. In addition, the International
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Infrastructure Management Manual (IIMM), which covers infrastructure asset management, has been
widely distributed [23].

Construction of an asset management system first requires the value of the assets to be assessed.
This requires an asset value to be assigned via engineering, accounting, and social methods. In general,
asset values are essential for maintenance processes, proper costing, and financial management, and
can used in calculating the capitalization ratio and as an indicator to properly represent the asset in
infrastructure management plans. By creating an accurate database as part of the asset management
system that contains continuously and accurately assessed values, it becomes possible to ensure an
appropriate level of infrastructure service and performance. Furthermore, accurate asset values are
very important for efficient prioritization and decision making in a limited budget.

In terms of studies that investigated the asset value of infrastructure, Falls et al. [24] conducted
a comparative analysis of various infrastructure asset assessment methods and performed a value
assessment of a road pavement path via a Monte Carlo simulation. Do et al. [21] examined an
asset value assessment methodology for domestic and international infrastructure and reassessed
the road asset value based on straight line and alternative depreciation methods, which included
consumption-based and state-based depreciation methods. By using the alternative depreciation
methods and evaluating the advantages and disadvantages of each, they developed a method of
assessing the value of road assets.

Most previous disaster control studies focused on the evacuation of pedestrians and vehicles
post-disaster as well as the selection of optimal evacuation roads (i.e., links). Other studies evaluated
the quantitative resilience by considering algorithms for targeting city areas via geographic information
system (GIS) methodologies. Most previous studies on the assessment of the asset value of
infrastructure, such as road pavement and bridges, primarily focused on assessment methods and the
improvement of the same.

To the best of our knowledge, there have been very few studies involving quantitative evaluations
that have considered both the performance loss and asset value of road networks when natural
disasters occur at the regional scale. We attempt to suggest a method to determine the critical path
that needs to be prioritized for maintenance in consideration of the performance loss and asset value
using cluster analysis. We consider the hazard resilience speed, i.e., the speed of recovery of existing
performance, according to the damage recovery scenario of the targeted road network. We herein
advance the notion that a resilience framework might provide insights into dealing with new types of
performance and asset values of road networks.

The next section of this paper explains the methodology. It describes how to assess the performance
(or performance loss) and asset value of a road network. Section 3 applies this framework to a case study
of disaster mitigation in Sejong city, which relies on traffic simulation. The road network resilience and
maintenance priority are explored in greater detail in Section 3, while Section 4 discusses the critical
path and marginal utility from an economic perspective. Section 5 provides a general summary of this
study. Some issues for future research are also discussed.

2. Methodology

In this study, we analyze road network resilience by comparing the difference between the usual
level of performance and the reduced level of performance due to natural disaster. One of the important
notions advanced in this study is that the asset value of infrastructure enables a road manager to
determine maintenance priority and critical paths using an economic perspective.

2.1. Performance Loss of the Road Network

Infrastructure, including roads, railways, harbors, dams, airports, etc., whether in operation or
under construction are assets that require large scale investment to construct and maintain over the
long-term. When the performance of such infrastructure degrades, drivers and users tend to migrate
to other routes. We focus on resilience as the ability of specific infrastructure systems at the regional
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scale to absorb the shocks of earthquakes. The occurrence of a disaster such as an earthquake leads to
a rapid decrease in performance. In the case of a road network, performance might refer to the number
of drivers using the road within a certain period of time.

Although there are various definitions of resilience in the literature, in the current study, this term
is defined as the time to restore a road to its original state after damage or a disaster has occurred. From
the traffic system, X axis in Figure 1 shows flow of time and Y axis shows traffic system performance
or quality of road infrastructure. PL (Performance Loss) can be quality loss of road network occurred
by damages due to disaster. For roads that have a larger performance loss, as indicated by the triangle
in Figure 1, larger damages are predicted in the event of a disaster. For this reason, it is important to
conduct the necessary maintenance. The quantitative PL can be calculated using Equation (1).

Performance Loss =
∫ t1

t0

[100−Q(t)]dt, (1)

where, ti represents the time and Q(t) represents the performance of the road network.
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Therefore, performance loss can be obtained by integrating the difference between the usual level
of performance (which is set as 100) and the reduced level of performance.

2.2. Asset Value of Infrastructure

In this study, the road asset value was evaluated based on the written down replacement cost
methodology after depreciation as defined in the tangible assets and infrastructure accounting guidelines
of the Ministry of Strategy and Finance (MOSF) [26].

There are three methods of evaluating land asset value: (1) using the officially assessed reference
land price and the officially assessed individual land price as the reassessment amount, if such a price
based on the reassessment base date exists; (2) evaluating the value by applying the standard land
price index table to the forces influencing the price provided by the Ministry of Land, Infrastructure,
and Transport (MOLIT), as well as the officially assessed reference land price posted by the MOLIT
according to the Act on the Public Announcement of Values and Appraisal of Real Estate; (3) evaluating
the arithmetic mean of the officially assessed individual land price of the relevant land category or
similar land category in the City, County, and District in which the land is located in Korea. In this
study, the land asset value of the road section was based on the officially assessed land price in 2016 by
the MOLIT [27]. According to the MOLIT [28], this land is classified based on its road length (area) by
region. Thus, the asset value of each road section was evaluated based on this classification.

The MOLIT [29] specified that the price multiple method can be applied in a discretionary manner
to ensure the case acquisition cost can be reliably measured. However, the current study applied the
construction cost index to the general national highway construction unit price (work type) as specified
in the road work manual of the MOLIT [30] because there are difficulties in acquiring the necessary cost
data for each section of road pavement, bridge, and tunnel. Because the unit price of road pavement
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in terms of construction on the general national highway is part of civil engineering and other work
and is similar to the tunnel in case of the underground road in Sejong city, it was defined as the unit
construction price of the tunnel. For general national highway construction unit price (work type),
a work type unit price was applied (based on 2016) by reflecting the construction cost index from the
unit price upon the national highway construction by the MOLIT [30] (Table 1). Prior to evaluating the
asset value of structures (i.e., road pavement, bridges, underground roads, etc.), road pavement was
classified as depreciation alternative infrastructure, and thus did not require separate depreciation.

Table 1. Unit price for national highway road construction (by construction type).

Lanes Pavement Bridge Underground

Expansion 2–4 $39,701,097/km 1 $22,826,568/km $13,496,064/km
Establishment 4 $15,245,844/km $37,796,250/km $20,703,989/km

1 The value was calculated by applying the construction cost index to the construction unit price of the MOLIT.
(adapted from [30]).

Likewise, the road pavement was considered to be depreciation-alternative infrastructure and
therefore did not require separate depreciation [21]. Thus, the bridges and underground roads were
depreciated without considering the road pavement. In terms of the road pavement, its asset value
was evaluated based on the calculated unit re-procurement cost and area, except that bridges and
tunnels was excluded. In other words, the asset value of the pavement was calculated by multiplying
the area of the road section with the construction cost.

Thus, only bridges and underground roads were depreciated and road pavement was not. In case
of road pavement, an asset value was determined using the results of a unit re-procurement cost
evaluation and area, excluding bridges and tunnels. Depreciation for bridges and underground roads
was as per the straight-line depreciation method. As for the remaining useful life of bridges and
underground roads within general National Highway No. 1 in 2016, which was the base year used in
the analysis, the asset value was evaluated as per the straight-line depreciation method in Equation (2)
based on the construction year (CY) difference provided by the MOLIT [31].

The bridges and underground roads were depreciated using the written down replacement cost
method as per Equation (2).

Written down replacement cos t = replacement cos t× remaining useful life
useful life

. (2)

2.3. Maintenance Priority and Marginal Utility

If roads exhibit a large performance loss, it indicates that that there is a significant reduction in
performance, which results in detrimental effects on the total travel time of the road network. Since
road infrastructure is an important state asset, the assessment of the asset value of such facilities can
be a significant indicator to guide the continuous and systematic management of national assets.

A cluster analysis refers to the clustering of individual objects by measuring the similarity of
each object. In our study, a cluster analysis was conducted using the Ward method, as hierarchical
clustering method was utilized for clustering indexes of node and link. In Ward method, distance
measure is like Equation (3).

W = ∑n
i=1

(
Xi − X

)2, (3)

where, W is distance among the clusters, Xi is attribution on object i in a cluster, X is average of objects
in a cluster and n is the number of objects in a cluster. Using cluster analysis, we try to classify into
four clusters based on their respective characteristics in this study

From an economic perspective, when public agencies restore social infrastructure, they consume
goods in the form of cost or time, and when they restore the performance of the network, this is termed
utility. The total utility (TU) indicates the total utility volume that can be gained by inputting a certain
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amount of goods in a certain period of time. The relationship between the input quantity of goods (Q)
and utility is provided in Equation (4), where the marginal utility (MU) refers to the increase in the
utility due to the input of a single unit of goods. In other words, the marginal utility is the value
obtained by dividing the change in the total utility by the change in the consumption of a good. When
the total utility function is differentiated with the consumption (Q), this produces the marginal utility,
as shown in Equation (5).

TU = f ′(Q), (4)

MU =
dTU
dQ

= f ′(Q), (5)

where, TU is the total utility and Q represents the consumption of goods.
If the input amount of a good increases, the total utility increases but the marginal utility, i.e.,

the increase in the utility due to the addition of a single unit of goods, gradually decreases and
approaches zero for a certain consumption level. In this case, the total utility reaches a maximum
while the marginal utility becomes negative as the input continues to increase, at which time the total
utility starts to decrease. As input amount of goods increases, the marginal utility gradually decreases.
This is termed the law of diminishing marginal utility. Thus, after an accident or disaster occurs, it is
important for public agencies to devising a means to minimize the reduction in the travel time in the
network based on the invested cost under the limited social overhead capital (SOC) budget.

The current study analyzed the effects of restoring relatively important roads and assessed the
impact on the network resilience over a certain period of time based on the actual size of the network
and its function and capacity.

3. Road Network Resilience and Case Study

3.1. Performance and Performance Loss of Road Network

The focus of our study is Sejong city, which was chosen for balanced development by the government
in July 2012, after which major central administrative agencies and research institutions were relocated
to this city. National Highway No. 1 is the main route here. It constitutes the city’s main road and
passes through the main zones within the urban area (Figure 2). If a disaster were to occur to such a road
network, it would be extremely challenging to evacuate the city and the consequence would be significant
social losses, including the loss of life, and the stoppage of national work. Thus, it is essential to ascertain
methods to minimize damage in the event of a disaster. In this study, a simulation analysis of the road
network in Sejong city and the surrounding areas was conducted. Then, National Highway No. 1 was
selected for an in-depth analysis in order to quantitatively calculate the resilience to loss and the asset
value of the road network.

A simulation was conducted using the TransCAD 5.0 (Caliper Corporation, Newton, MA, USA)
macro traffic simulation software program package to which a user equilibrium model-based multi-class
assignment technique had been applied [32]. The simulation evaluated the road network passing through
Sejong city and the simulation environment was calibrated via a process that reflected the travel patterns
on an actual road.

The analysis was conducted based on the Daejeon metropolitan city network and passenger trip
O/D (Origin/Destination) data provided by the Korea transport database (KTDB) [33]. In addition,
satellite mapping and GIS data for the target area was collected. However, if the road network was not
reflected in detail, the network in the target area was constructed via trial and error. The passenger
trip origin and destination (O/D) is in the units of person-trips per day, while the units of the freight
travel O/D are vehicles per day. This data was converted into passenger car units (PCUs) to reflect the
occupancy and passenger car equivalents in order to apply the trip assignment model. The analysis
was based on the peak O/D, which is expected to cause the biggest damage in a disaster situation.

Then, a homogeneous road section (link) was selected based on the calibrated road network.
A homogeneous road section is a section that has similar traffic features in terms of the traffic flow,
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volume by section, and the same number of lanes throughout, in comparison with the surrounding
development in terms of roads, traffic volume, signal crossroads, and road conditions. Sections were
defined as homogeneous sections if there were no detours in the surrounding area [34]. National
Highway No. 1, which was the target path for in-depth analysis, was divided into 17 road sections
(see Figure 6).
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In terms of the types of disasters, it was assumed that there was an earthquake that resulted in
traffic accidents and work zones. A tsunami was not considered as the likelihood is low due to the
location and geography of the region. The simulation assumed a case in which the road network
completely collapsed due to a very powerful earthquake, and another case where a weak earthquake
damaged only one lane on the road network.

The focus of this paper is to calculate the quantitative performance loss and asset value due to
changes in the performance of the road network in a disaster situation, specifically, an earthquake
in the vicinity of Sejong city, Korea. Then, a method is presented to prioritize the roads (i.e., the
critical paths) requiring maintenance while considering the performance loss and asset value. Finally,
an analysis is conducted to investigate the effects of restoring high priority roads during a disaster.

If a road network completely collapses or is partially damaged due to a disaster, this impairs the
mobility, accessibility, and other major functions of the road, which can prevent travel by road users.
This causes users to migrate toward other non-damaged road networks, which results in increasing
traffic volumes on those roads.

The quantitative resilience of the road network due to changes in the travel patterns was calculated
as the damage to the road network was gradually restored. To accomplish this, an analysis was
conducted on the calibrated road network using a micro simulation to reflect the traffic situation
over time. Meanwhile, Torres-Vera and Canas [35] conducted a vulnerability analysis on each of the
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pipelines in the urban area in four methods. Our study was analyzed road networks only among
infrastructure in urban area.

Our study set evaluated three scenarios, which are depicted in Figure 3. The first involved the
collapse of an entire road. The second considered a case when a single lane was restored after a certain
amount of time, and the third considered a case in which all lanes were restored after certain elapsed time.
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Figure 3. Disaster scenarios.

The simulation results for a specific section of road (ID 14) are shown in Figure 4. In the figure,
(a) shows the results for Scenario 1 in which the total travel time increased by approximately 680 h
compared to the usual amount of time. In this figure, the area represents the performance that was
lost when the road collapsed. Similarly; (b) shows the results for Scenario 2 in which the travel time
decreased by approximately 450 h compared to (a), after the lane was restored. This demonstrates
that even a limited amount of vehicle traffic has a large effect on the travel time; Lastly, in (c), it was
confirmed that the performance of the road returned to normal after all lanes were restored.
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Next, a simulation was conducted based on differences in the types of roads, such as a bridge,
underground road, or detour to evaluate the performance restoration level depending on the capacity
differences. The capacity was calculated as the average traffic volume per hour per section and was
based on the macro-simulation results. Section ID 14, which is shown in (d) of Figure 4, is a bridge
where the traffic volume (2371 veh/h) is relatively higher for entry/exit into the nearby metropolitan
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city. Section ID 13 is a road corresponding to an underground road on National Highway No. 1, where
the traffic volume (1286 veh/h) is at an average level. Lastly, the section with ID 17 is located in a
suburban area of the city, around which there is a detour. Thus, the traffic volume (159 veh/h) in this
section is relatively smaller than that in the other road sections (see Figure 6).

An analysis of the results highlights differences between the groups with respect to the scale of
the initial performance reduction and the subsequent restoration scenarios. For the collapsed road
section, it was ascertained that there were large differences in the scale of the performance reduction
and the time required to restore the road to its original state by road section. In the case of the road
section with a high traffic volume and no practical detour, such as on bridges and underground roads,
a large amount of time was required to return the road to its original functional state. In general, it was
also evident that the effects of disruptions due to the disaster on the road network on the travel time
were significant.

3.2. Evaluation of Infrastructure Assets

The officially assessed land price of a lot in a road path was evaluated on the basis of the officially
assessed individual land price provided by the MOLIT [22]. The particular path was classified into 387
lots in total. By multiplying the arithmetic mean of the officially assessed individual land price of the
lot within the path based on the area of the path, the asset value of each road section was computed.
With these methods, the land asset value of all sections of the National Highway No. 1 (in-depth
analysis target) was determined to be $52,147 thousand based in 2016 dollars.

When the asset value evaluation was completed, the road pavement, bridges, and underground
roads on National Highway No. 1 were evaluated as $42,338 thousand, $29,126 thousand, and $10,437
thousand, respectively.

Note that the asset value based on the values of each section increased for longer road lengths,
which was because the evaluation was conducted on the basis of length. As the road sections were
assessed as being relatively more important, it was confirmed that asset value was higher (Table 2).
The section located in the suburban area that had a high quantitative performance loss was evaluated
as having a slightly lower asset value due to differences in the cost of land.

Table 2. Performance loss and Asset value by road section.

ID Travel Time (h) Performance Loss 1 Asset Value ($1000)
Facilities

Land Road Bridge Tunnel Total

1 425 2132 373 4368 - - 4741 Road
2 250 1254 555 1975 - - 2539 Road
3 61 306 746 7043 - - 7789 Road
4 111 557 2557 7361 - - 9909 Road
5 122 577 1374 - 8944 - 10,309 Bridge
6 90 451 7907 1401 - - 9308 Road
7 18 90 3157 710 - - 3867 Road
8 63 316 2102 1510 - - 3603 Road
9 39 196 637 1156 - - 1783 Road
10 313 1570 4004 1046 - - 5041 Road
11 184 923 4823 8854 - - 13,676 Road
12 192 977 4104 - - 5823 9927 Under 2

13 262 1181 6306 - - 4613 10,919 Under
14 676 3844 3148 - 19,126 - 22,275 Bridge
15 170 853 5651 4668 - - 10,318 Road
16 220 1103 3585 2247 - - 5833 Road
17 4 19 1119 - 1056 - 2175 Bridge

Total 52,147 42,338 29,126 10,437 134,013
1 calculated using Equation (1); 2 underground road.
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3.3. Determination of the Maintenance Priority

In this study, the maintenance priority of road sections was determined while considering the
performance loss and asset value factor in the road network. Meanwhile, although there are various
factors that affect road performance loss. In this study, only travel time and asset value were considered.

In the cluster analysis, the representative performance loss and asset values were separated into
two groups (large and small) and classified into four clusters based on their respective characteristics.
Cluster 1 included road sections with a large asset value that significantly affected the total network
when disrupted in a disaster, and Cluster 4 included road sections that were defined as having a low
priority of intensive control due to limited effects on the network and low asset values.

According to the analysis, the road sections (IDs 11, 12, 13, 14, and 15) in Cluster 1 contained
major crossroads (nodes) that allowed traffic to enter/exit the area. These also included bridges and
underground roads that fulfilled key functions within the network and had a very high asset values.
These road sections required regular monitoring and maintenance to ensure they remained operational
in the event of a disaster (Figure 5).
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The road sections (IDs 1, 2, 10, and 16) in Cluster 2 experienced a large performance loss because
there were no detours in the area. However, as these road sections were located in suburbs, their asset
value was relatively low compared to those in Cluster 3. Although the performance loss of the sections
(IDs 3, 4, 5, and 6) in Cluster 3 were relatively low due to the presence of nearby detours, they had
a high asset value. The sections belonging to Cluster 2 (ID 1, 2, 10, and 16) and Cluster 3 (ID 3, 4, 5,
and 6) were assessed as either having a high performance resilience or low asset value or vice versa;
thus, the priority of their restoration may vary depending on the decision of the road manager. The
sections in Cluster 4 (ID 7, 8, 9 and 17) were assessed as having a low performance loss and asset value;
thus, the priority of their restoration in the event of a disaster was low (Figure 6).
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4. Critical Path and Diminishing Marginal Utility

The occurrence of a disaster causes problems in many ways. Our study focuses on restoration
of road infrastructure because it is aimed to select a critical path which is expected to cause severely
damage due to disaster.

The decisions made by public agencies are also very important in restoring road networks after a
disaster has occurred. In case of networked infrastructure, such as roads, railways, and the electrical
grid, there are always critical paths (or links) for which there is relatively more user demand. While
restoring specific roads and paths in one direction will gradually restore network performance, it is
important to devise alternatives with relatively higher utility despite relying on the same efforts of
public agencies (i.e., budget and time required for restoration).

Under the premise that the budget (i.e., restoration capacity) of the target path remains the same,
a scenario analysis was conducted for various network capacities: 0% (complete collapse), 25%, 50%,
75%, and 100% (complete restoration). The travel time in each case was evaluated based on the change
in the total travel demand according to the maintenance priority by cluster. In these scenarios, the road
sections belonging to clusters 1 and 4 were completely restored preferentially.

Figure 7 shows the analysis results for the various road network restoration scenarios. At full
capacity, the total travel time on the road network was 74,403 h, while the cumulative travel time
increased by 2.3% when the capacity deteriorated to 0%. Then, as the road capacity was restored,
it decided to preferentially the road sections in Cluster 1 to save travel time. In this test, the preferential
restoration of the road section that suffered a large performance loss versus the investment cost from
the perspective of the road manager was confirmed to be desirable for travel time savings.

With the scenario in which an entire road section collapsed was selected as the base case, the
results of an analysis of the effects of differences in the importance of various roads on the network
utility are shown in Figure 7, where the reduced travel time is shown versus the restoration level.
Here, when the input cost increased to increase the road capacity, the utility of the travel time savings
was positive.
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However, it was confirmed that total increase in the utility gradually diminished as the input cost
increased. The magnitude of the travel time saving versus the scale of the restoration cost input was
very different depending on the importance of the particular road section. Initially, the travel time
reduction was high although this gradually diminished as time passed. In other words, the increase
in the magnitude of the utility differed from the input unit restoration cost, which demonstrates the
law of diminishing marginal utility holds in this case. The total utility functions of clusters 1 and 4 are
shown in Equations (6) and (7), respectively (Figure 8).

TUcluster 1 = −0.0981x2 + 17.914x + 16.811, (6)

TUcluster 4 = −0.01x2 + 1.9072x + 1.0039 (7)
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5. Conclusions and Future Research

In this paper, we addressed the issues of road network resilience by considering the performance
loss and asset value when natural disasters occur. We proposed a quantitative evaluation method to
analyze the performance and asset value of a road network affected by a disaster in Sejong city. Based
on the macro simulation and micro simulation utilizing GIS data and O/D data, we found that there
were large differences in the scale of the performance reduction and the time required to restore the
road to its original state for each road section. In particular for road sections with high traffic volumes
and no practical detours, such as bridges and underground roads, a large amount of time was required
to return the road section to its original functional state.

Evaluation asset value of road network (such as bridges, underground roads etc.) was analyzed
through the written down replacement cost methods. Then, evaluation indicators (performance loss
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and asset value) of road networks were grouped through cluster analysis, method for selecting the
critical paths requiring road network maintenance based on their relative priorities was presented.
Finally, the effects of restoring two cluster sections with different road network performance losses on
the total network were also elucidated.

As a result of analyzing the characteristics of each section, including the traffic volume, performance
change, and time required for restoration, it was found that the damage caused by performance loss in
the critical path (i.e., the paths along with the traffic volume and connectivity was high) was significant
and much time was required for restoration needed. By comparing three types of representative road
sections with different road capacities and functions, it was found that the time required for restoration
was high, as was the asset value, in the case of a bridge where traffic volume was relatively high.

As a result of selecting critical paths based on the consideration of the performance loss and asset
value, there was a need to control certain roads in order to maintain their usual performance due to
a relatively higher asset value. It was also found that there was a need to restore road functions in
priority order. From the perspective of a road manger, in order to restore road network performance
to its original state after the occurrence of a disaster, it is preferable to restore road section in priority
order to maximize the travel time efficiency compared to the investment cost. In addition, due to
differences in the increases in the utility for the same input unit restoration cost, it was confirmed that
the marginal utility did indeed diminish.

It should be noted that a limitation of our study is that only the travel time and capacity of the
road section were used as indicators of the performance change in the road network. Thus, in the
future, it will be necessary to conduct an analysis of other indicators, such as the travel speed, road
length, pollution, driver’s health, driving safety, etc. Although the simulation was conducted using
the same disaster type and scenario conditions when calculating the quantitative performance loss
of the road network based on the road damage in the event of a disaster, the type of disaster and its
scope, and intensity can vary greatly. Thus, in the future, a more in-depth study of various scenarios
should be conducted.
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GIS Geographic Information System
IAM Infrastructure Asset Management
IIMM International Infrastructure Management Manual
KTDB Korea Transport DataBase
LCCA Life Cycle Cost Analysis
LOS Level Of Service
MOLIT Ministry Of Land, Infrastructure, and Transport
MOSF Ministry Of Strategy and Finance
MU Marginal Utility
O/D Origin and Destination
SOC Social Overhead Capital
TU Total Utility



Sustainability 2018, 10, 4188 14 of 15

References

1. US Department of Transportation (US DoT). Recovering from Disasters: The National Transportation Recovery;
US Department of Transportation: Washington, DC, USA, 2009.

2. Lee, J. A Study on the Disaster Prevention Road Network System through the Japan Case. Int. J. Highw. Eng.
2013, 15, 5–8.

3. UK Department for Transport (UK DfT). Transport Resilience Review: A Review of the Resilience of the Transport
Network to Extreme Weather Events; UK Department for Transport: London, UK, 2014.

4. Romero-Lankao, P.; Gnatz, D.M.; Wilhelmi, O.; Hayde, M. Urban sustainability and resilience: From theory
to practice. Sustainability 2016, 8, 1224. [CrossRef]

5. Folke, C. Resilience: The emergence of a perspective for social-ecological systems analyses. Glob. Environ. Chang.
2006, 16, 253–267. [CrossRef]

6. Bruneau, M.; Chang, S.E.; Eguchi, R.T.; Lee, G.C.; O’Rourke, T.D.; Reinhorn, A.M.; Shinozuka, M.; Tierney, K.;
William, A.W.; Von Winterfeldt, D. A Framework to Quantitatively Assess and Enhance the Seismic Resilience
of Communities. Earthq. Spectra 2003, 19, 733–752. [CrossRef]

7. Rose, A. Economic resilience to natural man-made disaster: Multidisciplinary origins and contextual
dimensions. Environ. Hazards 2007, 7, 383–398. [CrossRef]

8. Duanmu, J.; Chowdhury, M.; Taaffe, K. A Simulation Modeling Framework for Community-wide Evacuation
Planning. J. Transp. Secur. 2011, 4, 1–18. [CrossRef]

9. Urbanik, T., II. Evacuation time estimates for nuclear power plants. J. Hazard. Mater. 2000, 75, 165–180.
[CrossRef]

10. Cova, T.J.; Johnson, J.P. A network flow model for lane-based evacuation routing. Transp. Res. Part A
Policy Pract. 2003, 37, 579–604. [CrossRef]

11. Do, M.; Noh, Y. Comparative analysis of informational evacuation guidance by lane-based routing. Int. J.
Urban Sci. 2016, 20, 60–76. [CrossRef]

12. Lim, E.; Wolshon, B. Modeling and performance assessment of contraflow evacuation termination points.
Transp. Res. Rec. 2005, 1922, 118–128. [CrossRef]

13. Zhang, Z.; Spansel, K.; Dixit, V.; Wolshon, B. Performance characteristics of megaregion traffic networks
during mass evacuations. Int. J. Trnasp. 2014, 2, 53–72. [CrossRef]

14. Aydin, N.Y.; Duzgun, H.S.; Heinimann, H.R.; Wenzel, F.; Gnyawali, K.R. Framework for improving the
resilience and recovery of transportation networks under geohazard risks. Int. J. Disaster Risk Reduct. 2018,
31, 832–843. [CrossRef]

15. Ganin, A.A.; Massaro, E.; Gutfraind, A.; Steen, N.; Keisler, J.M.; Kott, A.; Mangoubi, R.; Linkov, L. Operational
resilience: Concept, design and analysis. Sci. Rep. 2016, 6, 19540. [CrossRef] [PubMed]

16. McDaniels, T.; Chang, S.; Cole, D.; Mikawoz, J.; Longstaff, H. Fostering resilience to extreme events within
infrastructure systems: Characterizing decision contexts for mitigation and adaption. Glob. Environ. Chang.
2008, 18, 310–318. [CrossRef]

17. Chun, H.; Chi, S.; Hwang, B.G. A Spatial Disaster Assessment Model of Social Resilience Based on
Geographically Weighted Regression. Sustainability 2017, 9, 2222. [CrossRef]

18. Ge, Y.; Dou, W.; Zhang, H. A New Framework for Understanding Urban Social Vulnerability from a Network
Perspective. Sustainability 2017, 9, 1723. [CrossRef]

19. Jenelius, E.; Petersen, T.; Mattsson, L.G. Importance and exposure in road network vulnerability analysis.
Transp. Res. Part A Policy Pract. 2006, 40, 537–560. [CrossRef]

20. Korea Society of Road Engineers (KSRE). Asset Management of Infrastructure and ISO-55000; Korea Society of
Road Engineers: Seoul, Korea, 2018.

21. Do, M.; Park, S.; Choi, S. Evaluation of Road Asset Value using Alternative depreciation methods: Focusing
on national highway No. 1. Int. J. Highw. Eng. 2016, 19, 19–33. [CrossRef]

22. Federal Highway Administration (FHWA). Transportation Asset Management in Australia, Canada, England and
New Zealand; Federal Highway Administration: Washington, DC, USA, 2005.

23. Institute of Public Works Engineering Australasia (IPEWA). International Infrastructure Management Manual;
New Zealand National Asset Management Support Group: Wellington, New Zealand, 2015.

http://dx.doi.org/10.3390/su8121224
http://dx.doi.org/10.1016/j.gloenvcha.2006.04.002
http://dx.doi.org/10.1193/1.1623497
http://dx.doi.org/10.1016/j.envhaz.2007.10.001
http://dx.doi.org/10.1007/s12198-010-0055-y
http://dx.doi.org/10.1016/S0304-3894(00)00178-3
http://dx.doi.org/10.1016/S0965-8564(03)00007-7
http://dx.doi.org/10.1080/12265934.2016.1138875
http://dx.doi.org/10.1177/0361198105192200116
http://dx.doi.org/10.14257/ijt.2014.2.3.04
http://dx.doi.org/10.1016/j.ijdrr.2018.07.022
http://dx.doi.org/10.1038/srep19540
http://www.ncbi.nlm.nih.gov/pubmed/26782180
http://dx.doi.org/10.1016/j.gloenvcha.2008.03.001
http://dx.doi.org/10.3390/su9122222
http://dx.doi.org/10.3390/su9101723
http://dx.doi.org/10.1016/j.tra.2005.11.003
http://dx.doi.org/10.7855/IJHE.2017.19.3.019


Sustainability 2018, 10, 4188 15 of 15

24. Falls, L.C.; Haas, R.; Eng, P.; Tighe, S. A framework for selection of asset valuation methods for civil
infrastructure. In Proceedings of the Annual Conference of the Transportation Association of Canada,
Calgary, AB, Canada, 18–21 September 2005; ISBN 978-1-55-187206-4.

25. Vugrin, E.D.; Warren, D.E.; Ehlen, M.A.; Camphouse, R.C. A framework for assessing the resilience of
infrastructure and economic systems. In Sustainable and Resilient Critical Infrastructure Systems; Springer:
Berlin/Heidelberg, Germany, 2010; pp. 77–116.

26. Ministry of Strategy and Finance (MOSF). Accounting Guidelines of Tangible Assets and Social Infrastructure;
Ministry of Strategy and Finance: Sejong, Korea, 2016.

27. The Notification of Officially Assessed Land Price. Available online: https://www.realtyprice.kr:447
(accessed on 22 November 2017).

28. Ministry of Land, Infrastructure and Transport (MOLIT). Yearbook of Road Statistics; Ministry of Land,
Infrastructure and Transport: Seoul, Korea, 2017.

29. Ministry of Strategy and Finance (MOSF). Accounting Guidelines of Social Infrastructure; Ministry of Strategy
and Finance: Sejong, Korea, 2011.

30. Ministry of Land, Infrastructure and Transport (MOLIT). A Road Business Guide; Ministry of Land,
Infrastructure and Transport: Seoul, Korea, 2016.

31. Ministry of Land, Infrastructure and Transport (MOLIT). Yearbook of Road Bridge and Tunnel Statistics; Ministry
of Land, Infrastructure and Transport: Seoul, Korea, 2017.

32. Caliper Corporation. TransCAD Transportation Planning Software, version 5.0; Caliper Corporation: Newton,
MA, USA, 2013.

33. Korea Transport Institute (KOTI). 2016 Traffic Demand Analysis Based on Resource Description Base; Korea
Transport Institute (KOTI): Sejong, Korea, 2016.

34. Do, M.; Kim, S.; Bae, H.; Kim, J. Development of Homogeneous Road Section Determination and Outlier
Filter Algorithm. J. Korean Soc. Transp. 2004, 22, 7–16.

35. Torres-Vera, M.A.; Canas, J.A. A lifeline vulnerability study in Barcelona, Spain. Reliab. Eng. Syst. Saf. 2003,
80, 205–210. [CrossRef]

© 2018 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 (http://creativecommons.org/licenses/by/4.0/).

https://www.realtyprice.kr:447
http://dx.doi.org/10.1016/S0951-8320(03)00002-4
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methodology 
	Performance Loss of the Road Network 
	Asset Value of Infrastructure 
	Maintenance Priority and Marginal Utility 

	Road Network Resilience and Case Study 
	Performance and Performance Loss of Road Network 
	Evaluation of Infrastructure Assets 
	Determination of the Maintenance Priority 

	Critical Path and Diminishing Marginal Utility 
	Conclusions and Future Research 
	References

