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Socio-Economic Impacts of an Unscheduled Event: A Case in Korea
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Abstract

Total number of recorded earthquakes in Korea is more than 2,000 of which 48 were catastrophic. The impacts from infrastructure
damage due to an earthquake to production facilities and lifelines may spread across boundaries of several regions via import-export
relationships and can bring serious economic impact to other regions. The economic impacts from unscheduled events stem not only from
the damage and direct losses, but also from the indirect losses during the recovery and reconstruction periods. To recover and reconstruct
the facilities and lifelines damaged by unexpected events through nvestment or government financial aid, both the direct and the indirect
economic impacts from an event, need to be measured in regional and interregional contexts. Direct economic impact is the direct change
of production and demand due to the disruption of production facilities and lifelines from an unexpected event, and indirect economic
impact is the change in other sectors due to inter-industry relationships. The purpose of the paper is to analyze various economic impacts
of an earthquake, especially impacts on transportation networks in Korea. We collected spatial and economic data from Korea, and
analyzed and estimated final demand loss and commodity flows from the unscheduled event.
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1. INTRODUCTION

Since the first seismometer was installed in Inchon,
Korea in 1905, the total number of ‘sensible earthquakes’
registering over 3.0 on the Richter scale has been more
than 1,700, of which 48 were over 5.0 on the Richter
scale. About 37% of 723 earthquakes (264 earthquakes)
have been recorded as ‘sensible earthquakes’ since the
end of 1970 (NEIS, 2006). This number is far lower than
those recorded in Japan but higher than those occurred in
Manchuria. South Korea is a comparatively stronger
seismic area than North Korea and Manchuria, and the
western half of the Korean Peninsula has shown stronger
seismicity than the eastern half,

Unscheduled events such as an earthquake cause direct
damages to transportation networks and have indirect
negative impacts on regional and national economies in
the long run (Sohn et al., 2004). Recent earthquakes
accompanied by catastrophic damages such as
Northridge in America (1994), Kobe in Japan (1995),
Izmit in Turkey (1999), Chi-Chi in Taiwan (1999),
Gujarat in India (2001), Algeria (2003) and southem Iran
(2003) suitably demonstrate that the secondary damages
to a metropolis caused by a long paralysis of socio-
economic activities are far more serious than the direct
damages such as disruptions of buildings (Lee and Kim,
2007, Lee, Kim and Kang, 2007).

In the past, scientists and engineers have focused on
the analysis of direct damages such as the disruption of
bridges and buildings from an unscheduled event (Lee,
Lee and Kim, 2006). Consequently, their efforts have
been naturally given to the evaluative analysis of the
hazards, the minimization of the damages, and the
reconstruction strategies for the damaged structures. The
indirect impacts such as the long-term economic impacts
have not been the focus of such analyses. The purpose of

the paper is to analyze and estimate the socio-economic

impacts of network vulnerability caused by natural and
man-made disasters, especially impacts on transportation
networks in Korea.

This paper is composed of four sections. Following the
introductory section, Section two describes methods of
analysis in detail. In it, the final demand loss function
relates the bridge damage to an economic loss in intra- or
inter-regional commodity flows. For the estimation of
bridge vulnerability, we modified the Hwang’s fragility
curves (Hwang and Hou, 1996; Hwang, Jernigan and
Lin, 1998) as reported in detail in Lee, Kim and Kang
(2007). To estimate the final demand loss and
commodity flows under an unscheduled event, the Final
Demand Loss Function and the Integrated Commodity
Flow Model (ICFM) developed by the authors were used
(Sohn et al., 2004). Finally, through the hypothetical
scenario analysis, we evaluated and verified the
performance and applicability of our model. In Section
three, we conduct scenario analysis using our model with
three different events. A brief conclusion is given in

Section four.

2. FINAL DEMAND LOSS AND
INTERGRATED COMMODITY FLOW

2.1 Final Demand Loss Function

The following equation is a modified version of the
final demand loss function (FDLF) proposed in Rose and
Benavides (1998) and Rose et al. (1997):

Af = -A{ID®,-R)[I-AH7fI} (1)

Where, Af=change of the final demand by sector by
zone (135x1)
A =9 sector by sector direct input coefficient
by zone (135 x 135)
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D= network disruption ratio by zone (15 x 1)
=0
17 - R = one minus sectoral resiliency factor vector
Ox1)
R = sectoral resiliency factor vector (9 x 1)

f =final demand by sector by zone before the

earthquake (135 x 1)
® = tensor
o =defined as G = (BX8,) xaWhere
B=(b),,,,and G=(g),,,

Since the focus of the two papers by Rose and
Benavides (1998) and Rose et al. (1997) was the
earthquake damage on the electricity network, the
function has been modified accordingly to fit the
transportation network model as follows:

1. The network disruption rates (D) are assumed to
depend on the disruption ratios for individual bridges
since the disruption of the bridges on the highway
generates more serious damages to the commodity
flows and bridges are hard to be restored in a short
period of time.

2. Even after a bridge has been damaged, most economic
sectors in the market economies have ability to
respond to change. Resilience is a way of
characterizing the economic behavior and is defined
here as the ability to adjust to changes due to
unscheduled events. Resiliency of economic sectors in
terms of the transportation network is defined as the
share of production remaining after the complete
disruption of transportation network. The following
equation shows how to estimate transportation network

resiliency (R) of economic sectors in this analysis:
re=rZ(1-rf)+ rAl + ¢, @)

Where, r” =E:=1 FE 1 f* =relative ratio of intrazonal
flow of sector k

£« =commodity flow of sector k from m to m
(intrazonal flow)
* = total commodity flow of sector k
r*=modal share of highway in sector k
r#P = standardized inversed average shipment distance
of sector k on highway
g, =universal random variable or error term that

satisfies N0, o)

The multiregional input-output coefficient matrix (A)
was estimated by the column coefficient model. The
column coefficient model assumes the identical regional
supply pattern, in which regional composition of any
given input is identical among all purchasers in a region.
The 9 by 9 sector national input-output table of Korea is
used as the basis for each of the 15 regional input-output
tables, thus assuming identical technical interindustry
linkages across regions. Trade coefficients are obtained
from the estimated commodity flows among 15
earthquake analysis zones (EQAZs) for 9 economic

sectors. Figure 1 shows the delineation of 15 EQAZs in
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Table 1. Key variables and inputs used in Model

Variable Input Source
Input-output {2000 National Input-Output Table
Inp l:t-bolutput coefficient  {(Bank of Korea)
able
(A) Trade 2001 Freight Flow Survey
coefficient  |(Korea Transport Database)
Moment .
Disruption magnitude Scenario (Assumed)
ratio r—
D) preentral g enario (Assumed)
distance
Sectoral
N intrazonal flow
Resiliency Highway  |2001 Freight Flow Survey
factor
®) model share |(Korea Transport Database)
Average
shipping distance
Input-output {2000 National Input-Output Table
coefficient |(Bank of Korea)
Ton-won | Conversion ratio adopted from Kim,
. ol conversion ratio | Ham and Boyce (2002) and 2001
nteneixg.na Total interzonal |Freight Flow Survey (Korea
commodity flow |Transport Database)
flow model
Intrazonal travel| Adopted from Kim, Ham and
cost Boyce (2002)
Highway link |2002 Highway Geographic Information
length Systems (Korea Highway Corporation)
Initial final 2000 National I-O Table
demand (f) (Bank of Korea)

Korea for this analysis. Construction sector is assumed to
have intrazonal flow only and thus treated here as the
identity matrix. The result is the 135 (15 EQAZs by 9
sectors) by 135 multiregional input-output matrix from
which a Leontief inverse matrix can be derived.

The output ( Ay ) of the final demand loss function is
change of the final demand by sector by zone (135x 1)
due to the amount of final demand loss induced by an
earthquake. Table 1 summarizes the variables used in
estimating final demand loss and inputs used in
estimating those variables. The notable contribution of
this analysis related to assessing final demand loss is
threefold:

(1) Derivation of function to assess final demand loss

induced by transportation network disruption;
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(2) Translation of bridge disruption into capacity loss of
links on the network and accessibility loss of zones;
and

(3) Derivation of resiliency factors of economic sectors

on network disruption.
2.2 Transportation Network Model

For the calculation of the transportation system
network cost, the integrated commodity flow model
(ICFM) developed by Kim, Ham and Boyce (2002) is
used for the scenario analysis. The model consists of
interregional commodity flows to meet each region’s
final and intermediate demand and assesses the direct
and indirect damages that an earthquake could cause
(Ham, Kim and Boyce 2005b). Lee and Kim (2007)
modified the original ICFM model in a spatio-temporal
framework, but the original static ICFM model has been
used in this paper.

2.2.1 Model formulation.

On the assumption that shippers collectively desire to
minimize their total shipment distances, in the absence of
shipment cost information, and that other factors causing
the dispersion of shipments across origins and
destinations and modes can be represented by
interregional and modal dispersion (entropy) functions,
the objective function is defined as follows:

mw

X

n}gn Z(h,x)=; Lfawd;“(w)dm+;w (gl:n )d; +

1 o i 1 - i

Where, the exogenous variables are:
om=the modal distance sensitivity parameter for sector m
p" = the interregional distance sensitivity parameter for

sector m
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g~ = the ratio of monetary shipment value to weight used
to convert the output of sector m from won to tons
(won/ton)

d = cost function of total flow on link a by mode w (km)

xp=the flow (won) of sector m from subregion i to
subregion j per year

x = the total output of sector m in region i (won) in a
prior year, a measure of its size, which is proportional
to the a priori shipment before the consideration of

shipment distances and other constraints

The total distance to be minimized is represented
by the sum of the link flows times link distances by
mode plus intraregional shipments times intraregional
modal shipment distances. The model solution
determines the interregional and intraregional
commodity shipments by mode, and the freight flows
by routes and links within modes. Not all of these
commodity shipments and flows, however, are

uniquely determined by the solution.

2.2.2 Solution algorithm

A generalization of the algorithm proposed by Evans
(1976) was used to solve the optimization problem. In
this case each iteration of the algorithm uses Wilson’s
(1970) iterative balancing method to generate the
subproblem interregional commodity shipments, and the
all-or-nothing assignment method to find the subproblem
network link flows.

The convergence of Wilson’s iterative balancing
method can be judged by the relative error between
the observed and calculated final demands for each
sector and each region, or the relative change of
balancing factors (Ham, Kim and Boyce 20035a). The
~ former convergence criterion was used successfully
with 0.001 as the stopping value. Unlike the
experience of Rho, Boyce and Kim(1989),

convergence was satisfactory. Note that Table 1
shows the input data for ICFM.

2.2.3 Calculation of the network cost

Once the value of the objective function is obtained,
sectoral system-wide transportation cost is calculated by
the following equation:

ATC, < ATC x(DM; - DM;)

: ; @
> (DM - DM;)
i=1
Where, ATC = 830,578,975 x(Z, - Z,)/ Z,=
system transportation cost change (million won)
830,578,975 =total commodity flow in- Korea in 2000
(million won)
7 =objective function value of ICFM after the
earthquake
7,=objective function value of ICFM before the
earthquake
ATC, = sectoral system transportation cost change
DM =total won-Km for sector i commodity after the
earthquake
DM, = total won-Km for sector i commodity before the
earthquake

3. SCENARIO ANALYSIS

In this scenario analysis, we use an earthquake as an
unscheduled event. For a spatial dataset, we obtained
spatial date for each of the 15 EQAZs; 19 expressways
with a total of 322 links, 19 railroads which had a total of
691 links as network data; and 1008 bridge data. Thirty-
two sectors of original economic data were aggregated to
9 sectors as shown in Table 2, and zonal input-output
flows of the 9 sectors were calculated in advance. The
basis of all spatial data was the end of 2002.



Table 2. Nine Aggregated Sectors used in Scenario Analysis
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Number Sector
1 Agriculture and Fishing
2 Mining
3 Consuming Goods Manufacturing’
4 Basic Materials Manufacturing
5 Manufacture of Machinery and Equipment
6 Manufact'ure of Elecm'c.a1 and Electronic ’
Machinery and precision products
Manufacture of Transport Equipment
Construction
9 Utilities, Services and Others

3.1 Development of User-Friendly Analysis Tool

In order to perform socio-economic impacts analyses
of any scenario under any unscheduled events including
earthquake, we developed a user-friendly tool with
graphic user-interface (GUT). We hope that the tool
would be helpful for anyone who wants to know how
much all of the bridges would be disrupted by an
earthquake with certain maginitude, how much the
bridge damage would influence the final demand loss via
network and zonal demand loss, and how much the total
commodity and transportation loss would be. A frame of
the application is given in Figure 2. Simple explanations
for each part of the application are as follows:

@® Map Control

(@ Layer Control

(® Parameters for Fragility Curve

@ Flow of Operations

(® FDLF and ICFM results

Figure 3 describes how this system visualizes the
analysis results. As shown on the left side of Figure 3,
bridge vulnerabilities, which were calculated using
fragility curves, are displayed as gradated color from
yellow to red. The system exposed the estimated total

Fig. 2. Decision Support System
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economic loss after running the FDLF and ICFM at the
lower right of the frame, as shown in Figure 3. This
system can give us zoomed-in features and information
about the features, as shown in Figure 4.

3.2 Three Scenario Analyses

With the user-friendly analysis tool, we analyzed three
scenarios with different epicenters, magnitudes of
moment, focal depths, and site categories.

3.2.1 Scenario I: An earthquake near Seoul

Figure 5 is the result of an earthquake scenario for an
earthquake occurred near Seoul with the magnitude of
moment 3.5, focal depth 15 km and site category E.
Setting the magnitude of moment at 3.5, there was not
much significant damage to the bridges. Although the
damage was not significant, annual commodity flows
were affected by the event. The final demand loss
reached almost 38,000 billion won (about 38 billion
dollars), and transportation costs arising from the
damage was about 14,000 billion won (about 14 billion
dollars).

Fig. 5. Result of Scenario |

The total loss of 52,385 billion won/year was the sum
of those two losses. Since Seoul is the capital of Korea

and almost 43% of the population of Korea lives around

Seoul, we cannot help but suspect that the result is an
underestimate. However, the damage, which was not
significant and limited to the edge of the network,

explains the relatively small amount of economic loss.

3.2.2 Scenario II: An earthquake near Daejeon

Figure 6 shows the result of an assumed earthquake
near Daejeon with magnitade of moment 5.2, focal depth
10 km and site category D. In contrast to Scenario I, we
set the magnitude of moment at 5.2, which is the
magnitude of the largest earthquake ever to have
occurred in Korea. Many bridges were significantly
damaged, as seen in Figure 6. This damage was directly
reflected in the annual commodity flows, and both final
demand loss and transportation loss increased sharply.
The final demand loss reached almost 593,000 billion
won (about 593 billion doliars), and the transportation
cost arising from the damage was about 46,500 billion
won (about 46 billion dollars).

Total loss was as high as 639,134 billion won/year.
When compared to Scenario I, which revealed damage in
the flange of network, great damage in the middle of the
network seemed to aggravate the economic losses.
Actually, the region that is colored reddish is a key
position in Korea because some main expressways,

including Kyoungboo Expressway and Honam

Expressway, cross within the region.




3.2.3 Scenario lil: An earthquake near Jinju

With assumed magnitude of moment 4.1, focal depth
10 km and site category C occurred near Jinju. Unlike
Scenario II but just like Scenario I, Figure 7 shows few
damaged bridges. However, it was a little worse than
Scenario I. Although it is difficult to discemn in the figure,
some bridges showed significant damage. The damage
was expressed in terms of final demand loss and
transportation loss. The final demand loss was almost
125,000 billion won {about 125 billion dollars), and the
transportation cost was about 28,000 billion won (about
28 billion doliars). The total loss was about 153,000
billion won/year. Compared to Scenario I and Scenario
I1, this seems to be similar to Scenario I. Bridge damage,
which was also limited to the flange of the network, did
not cause as much loss as in Scenario IL. ,

Table 3 summarizes the results that we derived from
the above three scenario analyses. From this table, we

can infer that the economic losses depend on the severity
of the earthquake.

Fig. 7. Result of Scenario il

Table 3. Summary of Results derived from Scenario Analysis

Scenatios 1 I m

Region Seout Daejeon Jnju

Moment Magnitude 35 52 4.1

Focal Depth(km) 15 10 10

| Sie Category E D C
Final Demand Loss 37,999 | 592,693 | 124,820
Transportation Cost(billion won) | 14,386 46,441 28,090
Total Loss(billion won) 52,385 639,134 152,910
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4. CONCLUSIONS

The scenario analyses have revealed that any local
damage can be directly related to the socio-economic
impact on the nation as a whole. While the economic
losses depend on the severity of the earthquake,
disruptions in the middle of the country’s transportation
network caused more total economic loss than did those
on the edge of network. The results indicate that
transportation infrastructure located in the middle of
country such as in the Daejeon region is vital for the
national economic activities, even more than that of in the
Capital region of Seoul. It seems counterintuitive at first,
but the fact that the majority of commodity flows either
heading to the Capital region or to the second largest
region of Busan pass through the Daejeon region,
indicates that the role of the transportation network in the
Dagjeon region is vital to the nation’s economic activities.
The results, in fact, shed light on the issue of setting
locational priorities for retrofitting and recovering from
damages due to any unscheduled events (Sohn et al.
2003).

One of the future directions of the research is to find a
logical and rational basis for transforming the structural
disruption ratio of a bridge directly to its functional
disruption ratio. An improved version of the model
should be developed and tested to work in a flexible way
with a different number of zones at different spatial
scales. This will also provide an opportunity to assess the
economic significance at a local scale, so that policy
makers in local government are able to access such
information to finalize their decisions. In addition,
considering that the current model is data-demanding, an
improved model should be able to either incorporate a
filter that is able to screen some erroneous inputs and
maintain a certain level of data quality, or reduce the
dependence on data.
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The input-output coefficients, the final demands, and
the total outputs used in estimating the interregional and
transportation network commodity flows are based on
2002 data. To estimate the current or future economic
impacts of an unexpected event, those commodity flow
data sets need to be updated. Moreover, it will be a
challenge to incorporate the system presented in this
research into a more formal cost-benefit analysis.

One of the primary contributions of this research is its
interdisciplinary nature, which incorporates the areas of
civil engineering, transportation planning, regional
economics, and disaster geography. The methodology
adopted in the research was used to construct a decision
support system for policy makers on formulating various
strategies from ex-ante retrofitting strategies to ex-post
strategies for setting recovery priorities. Through the
approach that calculates total system-wide economic
loss, the model could provide bases for establishing the
retrofit priority and/or repair priorities that is the most

efficient from the national economic point of view.
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