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Abstract Mitigating the disaster risk of transportation
infrastructure networks along the Belt and Road is crucial
to realizing the area’s high trade potential in the future.
This study assessed the exposure and risk of existing and
planned railway assets to river flooding and earthquakes.
We found that about 9.3% of these railway assets are
exposed to a one in 100 year flood event, and 22.3% are
exposed to a one in 475 year earthquake event. The com-
bined flood and earthquake risk of physical damage to
railway assets, expressed by expected annual damage
(EAD), is estimated at USD 1438 (between 966 and 2026)
million. Floods contribute the majority of the risk (96%).
China has the highest EAD for both floods and earthquakes
(between USD 240 and 525 million in total). Laos and
Cambodia are the countries with the highest EAD per km
from flooding (USD 66,125-112,154 and USD
31,954-56,844 per km, respectively), while Italy and
Myanmar have the highest EAD per km from earthquakes
(USD 1000-3057 and USD 893-3019 per km, respec-
tively). For the newly built and planned projects along the
Belt and Road, the EAD is estimated at USD 271 (between
205 and 357) million. The China-Indochina Peninsula
Economic Corridor and China—Pakistan Economic
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Corridor have the highest absolute EAD and EAD per km,
with EADs reaching USD 95 and USD 67 million, and
USD 18 and USD 17 thousand per km, on average,
respectively. For railway segments with high risks, we
found that if the required adaptation cost within 20 years to
realize a 10% increase of the railway quality is below 8.4%
of the replacement cost, the benefits are positive.

Keywords Belt and Road - Cost-benefit
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1 Introduction

The Belt and Road Initiative (BRI), initially announced in
2013, aims to promote connectivity and cooperation among
countries in Asia, Africa, and Europe (Yu et al. 2018). As
of the end of April 2021, the BRI spanned approximately
146 countries. Transportation connectivity is a critical
priority for the implementation of the BRI. Refinitiv’s Belt
and Road Initiative database (Refinitiv 2020) indicates that,
by the first quarter of 2020, transportation infrastructure
investment amounted to USD 1888 billion, accounting for
47% of the total investment in the BRI. However, natural
hazards and disasters along the Belt and Road (B&R) are
widely distributed and occur frequently, accounting for
68.07% of global disaster occurrences (Chai et al. 2020). In
March 2014, for example, heavy rainfall caused serious
damages to the road construction project in Pakistan, which
resulted in losses of USD 0.3 million (PICC 2014).
Several studies have investigated the disaster risks faced
by the B&R countries, but have done so primarily at the
country level (Cui et al. 2017; Helsingsen et al. 2018;
Wang et al. 2018; World Bank 2019; Wu 2019; Chai et al.
2020; Khan et al. 2020; Yu et al. 2020), and with no focus
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on the physical damage to assets. Yu et al. (2020) estimated
the risk of floods, droughts, and convective storms along
the Silk Road Economic Belt in China, the Philippines, and
Vietnam, expressed by the exceeding probability of relative
losses. Chai et al. (2020) explored the coupled effect of
factors that influence disaster occurrences and losses in the
B&R countries. The results reveal that disaster frequency
and socioeconomic development levels directly impact
economic loss, death toll, and population, while ecological
development through its influence on disaster frequency
indirectly impacts them. Wang et al. (2018) assessed the
losses to some of the B&R countries caused by 2014
Typhoon Rammasun, based on a multiregional input-out-
put model. The study estimated a total of USD 85 million
of economic losses and identified the most affected
industries, including manufacturing, agriculture, and for-
estry. Regarding the disaster risks faced by transportation
infrastructures along the B&R, most existing studies focus
on case studies. Helsingsen et al. (2018) qualitatively
assessed the high/median/low flood risk of the North-South
Road Corridor and East-West Road Corridor of Myanmar.
Cui et al. (2017) provided a regional-scale risk assessment
for the China—Pakistan Highway, and the risk levels of
each segment were determined by combining hazards
based on expert judgment and vulnerability analysis.

However, there is still a lack of large-scale, cross-
country quantitative risk assessments for the B&R trans-
portation infrastructure, which is important for policy
planning and risk transfer. In this study, we aim to assess
the risk to railway infrastructure in the B&R areas subject
to earthquakes and river flooding, the two major disasters
faced by B&R countries. We first collected the data for
existing and planned railway assets, including geographical
information, specific characteristics of railway transport
routes, and the economies along the routes. Next, we
assessed the risks by combining the hazard map of river
flooding and earthquakes with railway exposure and vul-
nerability, where the risk is expressed in terms of Expected
Annual Damage (EAD). Finally, based on the risk assess-
ment results, we performed a cost-benefit analysis (CBA)
of adaptation measures, which shows that more positive net
present value (NPV) results occur in segments with higher
risks.

2 Materials and Methods

In this section, we first introduce the data sources used,
including the B&R railway distribution and hazard map,
and then present the research framework. On this basis, the
methods used are presented in detail, including exposure
and risk calculation and cost-benefit analysis of risk
adaptation.
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2.1 Data

In this section, we first present the spatial distribution of
B&R railway lines. Then we describe in detail the hazard
data used in the study, including the flood hazard map, the
seismic hazard map, and the liquefaction susceptibility
map.

2.1.1 Railway Infrastructure

We only considered the 50 B&R countries that can be
connected to China by railway. The railway infrastructure
network was developed based on the Belt and Road Eco-
nomics (World Bank 2019), the Belt and Road Panoramic
Map (Xi and Liu 2017), and the Construction and Devel-
opment Planning of China Railway Express (2016-2020)
(NDRC and NRA 2016), as shown in Fig. 1. The locations
of railway bridges along existing railway lines were
extracted from OpenStreetMap. For railway lines under
construction or in planning, we did not consider railway
bridges due to the lack of information.

There are six economic corridors along the B&R, con-
nected by railway lines (Fig. 1): the China—Mongolia—
Russia Economic Corridor (yellow); the New Eurasian
Land Bridge (red); the China-Central Asia—West Asia
Economic Corridor (dark blue); the China—-Indochina
Peninsula Economic Corridor (green); the China—Pakistan
Economic Corridor (orange); and the Bangladesh—China—
India—Myanmar Economic Corridor (light blue). As cal-
culated from Fig. 1, new projects are distributed in the
China-Central Asia—West Asia Economic Corridor
(23.0%); the Bangladesh—China—India—Myanmar Eco-
nomic Corridor (21.6%); the China—Indochina Peninsula
Economic Corridor (19.9%); the China—Pakistan Economic
Corridor (14.8%); the China—Mongolia—Russia economic
corridor (15.4%); and the New Eurasian Land Bridge
(5.4%).

2.1.2 Hazard Maps

Floods, earthquakes, and typhoons are the three major
natural hazards faced by the B&R countries, and accounted
for 89.1% of the total losses of B&R countries to natural
hazards and disasters during 1900-2015 (Mao et al. 2018).
As there is a lack of vulnerability functions of railway
infrastructures to typhoons, we only selected floods and
earthquakes for our analysis. The hazard maps were based
on current data (1960-1999 for floods, 1904-2013 for
earthquakes), representing the hazard level to that date.

1. Flood hazard map We used the GLOFRIS (GLObal
Flood Risk with IMAGE Scenarios) global river flood
hazard maps of Ward et al. (2013), Winsemius et al.
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Fig. 1 Railway assets of the Belt and Road project considered in this study. Source: World Bank (2019), Xi and Liu (2017), NDRC and NRA

(2016)

(2016), Ward et al. (2017) for the flood risk analysis.
GLOFRIS uses a global hydrological and hydraulic
model to simulate the daily discharges and flood
volumes at a 0.5° x 0.5° grid. Extreme value analysis
is applied to derive the maximum flood volume of the
grid, and finally, the coarse resolution flood volume is
converted to the high resolution inundation depth
through the GLOFRIS Downscaling Model. The flood
hazard maps for nine return periods (2, 5, 10, 25, 50,
100, 250, 500, and 1,000 years) are provided by
Winsemius et al. (2013), and the resolution is 30
arcseconds (ca. 1 km). The hazard map is presented in
the form of the maximum expected inundation depth in
meters for each grid. As it does not consider the flood
protection level in different locations, we further
applied the FLOPROS (FLOod PROtection Standards)
database (Scussolini et al. 2016), which provides the
flood protection level at the subnational scale
expressed by the return period. We assumed that if
the flood return period is below the flood defense level,
the infrastructures will not be damaged.

2. Seismic hazard map A seismic hazard map was
obtained from the GAR (UNISDR Global Assessment
Report) 2015 Atlas (CIMNE and INGENIAR 2015),
developed based on the probabilistic seismic hazard
assessment model at the global level. Seismicity
parameters are created through the seismic catalogue
and smoothed seismicity technique to generate a set of
stochastic event sets that contain both intensity and
probability information. For each event, the ground

motion prediction equations are used to generate peak
ground acceleration (PGA), and seismic hazard maps
are ultimately generated for different return periods.
These maps provide five return periods (250, 475, 975,
1500, and 2,475 years) expressed by PGA (in cm/sz),
and the resolution is 0.072° x 0.072°.

3. Liquefaction susceptibility map A liquefaction suscep-
tibility map was obtained from Zorn and Koks (2019),
developed based on the inland and coastal geospatial
liquefaction models by Zhu et al. (2017) and a global
V30 (30 m averaged shear—wave velocity) dataset
(Worden et al. 2015). The liquefaction model con-
structs a function of liquefaction probability and
explanatory variables including rivers, groundwater,
precipitation, and land mass, among others. The
susceptibility map provides five soil liquefaction
susceptibility bands: very low, low, medium, high,
very high, and the resolution is 1.2 km x 1.2 km.

2.2 Methods

Risk is usually determined by hazard, exposure, and vul-
nerability (Feyen et al. 2012; Bach et al. 2013; Koks et al.
2015). In this study, hazards refer to fluvial floods and
earthquakes and are expressed by the intensity and proba-
bility of occurrence. Exposure refers to the railway assets
exposed to these hazards, and vulnerability is represented
by a vulnerability curve or matrix, which describes the
relationship between the damage ratio of railway assets and

@ Springer



556 Wang et al. Flood and Earthquake Risk Assessment of Railway Assets along the Belt and Road

the intensity of hazard. The research framework of this
study is presented in Fig. 2. Detailed procedures of risk
assessment and cost-benefit analysis are described in the
following.

2.2.1 Risk Assessment

We overlaid the hazard map at different return periods with
railway maps to obtain railway hazard exposure and risk.
Expected annual exposure (EAE) was used to express
railway exposure to hazard, which is defined as the sum of
the exposure level multiplied by the inverse of return
period, as shown in Eq. 1 (Espinet et al. 2018):

EAE = 1/2Z<l—i>(Ei+E,-+l) (1)
— \Li lin
where T; is the ith return period, and E; is the railway
exposure corresponding to 7; with a unit of km. The inverse
of the return period is unitless and the unit of EAE is
therefore the same as that of E; (km). Railway assets are
assumed not to be exposed to flood hazards and earthquake
hazards when the flood depth is lower than 0.25 m and the
PGA is smaller than 0.092 g.

The expected annual damage (EAD) was used to rep-
resent risk, which is defined as the sum of damage ratio of
each railway asset estimated by using the vulnerability
curve or matrix multiplied by the inverse of return period.

For floods, the vulnerability curve of railway lines is given
by the HIS-SSM2015 (De Bruijn et al. 2015) (Fig. 3a),
which was derived based on expert judgment and was
developed for the Netherlands. Considering the construc-
tion quality variations in different countries, we used the
Railway Quality Index (RQI), which was obtained from the
World Trade Congress 2017-2018 (Schwab et al. 2017), to
convert the vulnerability curve of railways in the Nether-
lands and make it applicable to other countries. The RQI
reflects regional differences in railroad quality, which can
reflect the level of railway flood protection to some extent,
as construction quality and maintenance level largely
influence flood protection capacity. Furthermore, because
the embankment or other raised railway structures are not
considered in the vulnerability curve, this curve may lead
to an overestimation of damage according to the HIS-
SSM2015 (De Bruijn et al. 2015), and we converted the
flood depth of each damage ratio by 0.9-1.4 times to
consider the uncertainty of the vulnerability curve (The
Netherlands, for example, is shown as the dotted line in
Fig. 3a). Since most bridges undergo strict flood design
procedures, many risk assessment frameworks, such as
Hazus (Scawthorn et al. 2006) and HIS-SSM (De Bruijn
et al., 2015), suggest that the probability of railway bridges
sustaining flood damage is very low, and we ignore bridge
damage from floods in this study.
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Fig. 2 Research framework of the study on the flood and earthquake risk assessment of railway assets along the Belt and Road
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According to an earlier survey (Bird and Bommer 2004),
serious railway damage from earthquakes is caused by
shaking, liquefaction, and landslides. Bridges are mainly
threatened by shaking damage, while railway lines are
usually damaged by liquefaction, and the effect of land-
slides in most cases is blocking. Therefore, the risk of
shaking is considered for bridges, and the risk of lique-
faction is considered for the railway lines in this study. For
bridges, we used the vulnerability curves from Koks et al.
(2019) (Fig. 3b), which are summarized from Syner-G
(Kyriazis et al. 2013). For liquefaction, we used the vul-
nerability matrix determined by the liquefaction suscepti-
bility band and PGA level (see Sect. 2.1), which was
obtained from Koks et al. (2019) (Fig. 3c). The vulnera-
bility curves and matrix both contain four levels of vul-
nerability from low to high and consider uncertainties, such
as the construction time period and structural type.

These damage ratios, obtained through either the vul-
nerability curves or the vulnerability matrix, were further
multiplied by the replacement cost to obtain the economic
loss. It is difficult to collect reliable and -classified
replacement cost data for every country. For railway lines,
we collected the construction cost data for Europe and
China from existing studies. The cost in Europe is provided
by the European Commission and PwC (Pricewaterhouse
Coopers) (Attina et al. 2018) and is estimated based on the
construction costs of new lines in eight European countries.
Replacement cost in China is provided by the World Bank

to low; ¢ railway damage ratio to liquefaction. Note PGA, peak
ground acceleration

(Ollivier et al. 2014) and is estimated based on the con-
struction costs of six projects in China. We used the cost
data of conventional railway lines with a speed under
200 km/h and removed the cost of land acquisition. Then,
we used the global construction cost index to translate the
above costs for other different countries, as given by Eq. 2;
o is the correction factor determined by Eq. 3:

CCI;
CClchina
Costgy - CCleping
= CClgy - Costchina

Cost; = o - - Costchina (2)

(3)

where Cost;, Costgy, and Costcpin, are the costs in country
i, Europe, and China, and CCI; and CCl¢y;,,, are the Con-
struction Cost Indices (CCI) of country i and China. The
CCI data are obtained from ARCADIS (2014), which
provides a range of construction cost indices at the global
scale. The CCI represents the engineering design specifi-
cation level, labor cost level, and material cost level of
different countries. For countries lacking data, we took the
mean of countries with the same development level.

For bridges, we used the cost data of China and col-
lected bridge cost data from 20 projects in California
(Edwin 2014). We followed a similar approach as pre-
sented for regular railway line assets to estimate the bridge
construction cost for all the B&R countries.

Finally, risk was calculated based on the probability of
floods/earthquakes and the corresponding loss ratio, that is,
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the trapezoidal area under the exceedance probabilistic
curve (Moel and Aerts 2011; Moel et al. 2012; Alfieri et al.
2017), which is expressed by the EAD, as shown in Eq. 4
(Espinet et al. 2018):

1 1

EAD =172 ( -
; i T

)i+ D) @)

where T; is the ith return period, and D, is the damage to the
assets corresponding to T;, which is equal to the product of
the damage ratio and the replacement cost; the unit of D; in
this study is U.S. dollars.

We assumed that earthquakes and floods are indepen-
dent, which is widely adopted by many researchers
(Kameshwar and Padgett 2014; Koks et al. 2019). Based on
this assumption, we calculated the EAD induced by
earthquakes and floods separately and summed them up to
obtain a multi-hazard EAD.

To consider the uncertainties in the vulnerability
curve/matrix and the replacement cost, the vulnerability
curve/matrix and replacement cost parameters were ran-
domly selected to calculate the EAD of each location for
50 repeated processes. For each process, we randomly
selected a vulnerability curve/matrix provided in Fig. 3 to
consider the uncertainties in the damage ratio. We also
randomly selected CCI to consider the uncertainties in the
replacement cost. With this approach, we estimated the risk
ranges of railway assets.

2.2.2 Cost-Benefit Analysis of Flood Adaptation

Risk assessment results are often used to guide adaptation
efforts. Based on the above risk assessment results, we
chose the segments with the highest risk to perform a cost-
benefit analysis of flood adaptation measures. To perform
the cost-benefit analysis, we needed to set a benefit target.
We considered an increase of 10% RQI as a strategy to
reduce railway vulnerability by upgrading railway flood
protection facilities and maintaining regular maintenance.
This target value can be adjusted in practice. This concept
is expressed more clearly through showing its country
equivalent after the increase. The benefit is defined as the
avoided EAD. The cost includes the upgrading cost, peri-
odic maintenance cost, and routine maintenance cost.
Routine maintenance and periodic maintenance are
required to maintain good service conditions of infras-
tructures. We therefore included maintenance cost in our
cost-benefit analysis. We used scenario o to represent the
case without investment, and scenario j to indicate the jth
investment scenario. The net present value (NPVY) was
calculated by Eq. 5:
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where EAD is the expected annual damage; M, is the
maintenance cost in the yth year, which is the sum of
periodic maintenance costs and routine maintenance costs,
expressed by Eq. 6; d is the discount rate; and CI is the
upgrading cost, which is expressed by Eq. 7.

| kiCwheny =n
M, = {kZtheny #*n (6)

where C is the replacement cost; k; is the routine
maintenance cost proportion of the replacement cost; k,
is the periodic maintenance cost proportion of the
replacement cost; and » is the routine maintenance period.

CI = ksC (7)

where k5 is the upgrading cost proportion of the replace-
ment cost.

To more succinctly denote the total cost, we introduced
the total cost proportion of the replacement cost, k, which is
calculated by Eq. 8:

20
k— Z k3 y=1 + k2 y;énvj kl y=n (8)
y=1 (1 + d)\

Table 1 gives the range of parameters used in Eq. 5.
Since these parameters are highly uncertain for different
countries, we considered a wide range of cost parameters as
far as possible to cover the values given by different
references (Warusawitharana 2014; Giirlik, 2016;
Miyamoto 2019). Within these ranges, we performed a
Monte Carlo simulation 1000 times to obtain 1000
adaptation scenarios for each selected railway segment
and calculate possible outcomes. For each adaptation
scenario, the result was recorded as a positive NPV if the
return continued to be greater than the investment within
20 years. The percentage of positive NPV in all adaptation
scenarios, p, the median NPV value in the 20th year, m, and
the threshold value of cost proportion, k, are taken as
indicators for the CBA. We then applied the Morris method
(Morris 1991; Campolongo et al. 2007) to analyze the
sensitivity of each cost parameter, namely, the contribution
of the five parameters in Table 1 to the NPV in the 20th
year.

3 Results

In this section, we present the exposure and risk of B&R
railways to earthquakes and floods, including the expected
annual exposure under different hazard levels and the
multi-hazard expected annual damage. High risk segments
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Table 1 Parameters for the cost-benefit analysis (CBA) of implementing risk adaptation measures for railways along the Belt and Road

Variable Symbol Range Description
Routine maintenance period n 5-10 year Routine maintenance is assumed to happen every n year
Routine maintenance cost ky 0.01-0.1 The ratio of routine maintenance cost to replacement cost
proportion
Yearly periodic maintenance cost k» 0.0001-0.001 The ratio of yearly periodic maintenance cost to replacement cost
proportion
Upgrading cost proportion ks 0.01-0.1 The ratio of the cost required to increase the Railway Quality Index (RQI) by 10%
to the replacement cost
Discount rate d 6-12% Social discount rate

were selected for cost-benefit analysis to demonstrate the
potential of risk adaptation.

3.1 Exposure to River Flooding and Earthquakes

Figure 4 shows the kilometer distribution of the expected
annual exposure (EAE) for each income group and region
in the railway corridors of the BRI. We found that 9.3% of
railway assets in the selected countries are exposed to a one
in 100 year flood event and 22.3% are exposed to a one in
475 year earthquake event. Overall, upper middle-income
countries have the highest EAE due to their large amount
of railway assets, accounting for 64.8% and 65.8% in flood
and earthquake, respectively (Fig. 4a). From the perspec-
tive of regional differences, Eastern Europe and East Asia
have the largest EAE to floods and earthquakes, accounting
for 32.9% and 32.2% in flood and earthquake, respectively
(Fig. 4b).

3.2 Vulnerability and Risk

The total expected annual damage (EAD) for river floods
and earthquakes is estimated at USD 1,438 (between 966
and 2,026) million. The median EAD distribution of rail-
way assets along the B&R is presented in Fig. 5.
Approximately 96% of the EAD is caused by river flood-
ing, and 4% is caused by earthquakes.

High-risk areas are mostly found in the south-east
coastal areas and the south of the B&R. East Asia, Eastern
Europe, and Southeast Asia are the regions that experience
the highest risk, accounting for 28%, 26%, and 14% of the
total EAD, respectively, which is consistent with the
exposure analysis. The countries that have the greatest high
local risk (grid cells of 1 km x 1 km with EAD > USD 1
million) are Pakistan (24% of the grids) and Myanmar
(14% of the grids), followed by Vietnam (10%), Lao
People’s Democratic Republic (10%), Syria (8%), Uzbek-
istan (7%), and China (6%). The countries with the greatest
moderate local risk (EAD of USD 0.5—1 million) are China

(33% of the grids) and Pakistan (9% of the grids). The
countries with the lowest risk (EAD less than USD 0.1
million) are Russia (25%) and China (15%).

For the newly built and planned projects, the China—
Indochina Peninsula Economic Corridor, the China—Pak-
istan Economic Corridor, and the China-Central Asia—West
Asia Economic Corridor have the highest absolute risk,
with the EAD reaching USD 95, 67, and 40 million,
respectively. The China—Indochina Peninsula Economic
Corridor, the China—Pakistan Economic Corridor, and the
New Eurasian Land Bridge have the highest EAD per km,
with an average EAD per km of USD 18, 17, and 15
thousand, respectively.

Figures 6 and 7 present the risk for each income group
and country. From the median value, high-income coun-
tries only bear approximately 13.3% of the flood risk
(1.61% EAE), upper middle-income countries bear 53.3%
(1.06% EAE), and lower middle-income countries and low-
income countries bear 33.4% (1.05% EAE, on average).
High-income countries bear approximately 24.6% (0.14%
EAE) of the earthquake risk, upper middle-income coun-
tries bear 45.8% (0.38% EAE), and lower middle-income
countries and low-income countries bear 29.6% (0.31%
EAE, on average) (Fig. 6a).

We further analyzed the EAD per km, as shown in
Fig. 6b. The EAD per km decreases with increasing income
level. Low-income countries show a high degree of vul-
nerability, with the highest loss proportion due to poor rail
quality and low levels of protection from floods. Lower
middle-income countries bear relatively more earthquake
risk.

Figure 7 presents the top 10 countries at high risk. China
and Russia are the two countries with the highest absolute
flood risks due to the large exposure of railway assets,
whose EAD reaches USD 233-442 and 176-327 million,
respectively (Fig. 7a). China and Italy have the highest
absolute earthquake risks, with the EAD reaching USD
7-83 and 4-40 million, respectively (Fig. 7a). With respect
to EAD per km, Laos and Cambodia have the highest flood
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risks (USD 66,125-112,154 and 31,954-56,844 per km,
respectively) (Fig. 7b). Italy and Myanmar have the highest
earthquake EAD per km, with the estimated EAD reaching
USD 1,000-3,057 and 893-3,019 per km, respectively. In
terms of the proportion of risk to GDP, lower middle-in-
come and low-income countries are the main risk bearers
(Fig. 7¢). Laos, Cambodia, and Myanmar face the greatest
financial burden due to floods, with 0.05-0.2% of GDP
annually. Myanmar and Turkmenistan have the greatest
financial burden due to earthquakes, with 0. 001-0.045% of
GDP annually. Compared with flood risk, earthquake risk
poses a much smaller financial burden, with an absolute
EAD about 10 times less and an EAD per km about 40
times less than those for floods. Most countries at high
earthquake risk do not also have a high flood risk. How-
ever, countries with dual risk do exist, for example,
Myanmar and China.

3.3 Cost-Benefit Analysis of Adaptation

To assess the benefits of adaptation, we selected grid cells
with a high local risk (EAD per km larger than USD 0.5
million). A total of 235 grids across 10 countries were
selected. To help understand the vulnerability reduction
concept of the 10% increase in RQI, Table 2 provides the
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best analogy for the countries selected after an increase of
10% RQL

Two risk levels are classified as given in Table 3,
including regions A and B, where A contains the segments
with an EAD larger than USD 0.5 but less than 0.7 million
per km, and B contains segments with an EAD larger than
USD 0.7 million per km.

With the increase in risk, more adaptation scenarios can
support NPV becoming positive (Fig. 8b), with the average
value of p increasing from 51.7% (A) to 86.2% (B). Fig-
ure 8a presents the NPV results of these segments in the
20th year. The NPV value shows an upward trend when it
goes from railway segments with lower risk to those with
higher risk. The average median value of m of the 1,000
adaptation scenarios increases from USD 0.13 (A) to USD
0.27 (B) million.

Figure 9a presents the distribution of k of one randomly
selected grid, and a similar pattern exists for other grids.
When k is less than k,, all adaptation scenarios support
positive NPV, and when k is greater than k;, all adaptation
scenarios lead to negative NPV. For k between k, and &,
both positive and negative NPV have a chance to occur. As
the risk increases, k, and k;, move towards the right, that is,
the higher the risk, the higher is the acceptable cost
threshold k value. The average k, increases from 0.098
(A) to 0.140 (B), and k; increases from 0.135 (A) to 0.194
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(B) (Table 3). For the design of adaption measures for the
selected 235 high-risk railway segments, when the required
adaptation cost in 20 years is below 8.4% of the

replacement cost, it will certainly bring positive benefits
within 20 years.

The contribution of routine maintenance period (n),
routine maintenance cost proportion (k;), yearly periodic
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Table 2 Country analogy after 10% Railway Quality Index (RQI) increase

Country where the Segments Are Located

Country Analogy

Myanmar

Cambodia

Tajikistan

Korea, Democratic People’s Republic of
Lao People’s Democratic Republic
Pakistan

Mongolia

Uzbekistan

Syria

Kyrgyzstan

Bangladesh/Slovenia

Ukraine

Vietnam/Bulgaria/Turkey

Hungary/Poland

Hungary/Poland

Croatia/Greece/Korea, Democratic People’s Republic of
Malaysia

Bangladesh/Slovenia

Thailand/Romania

Table 3 Results of the cost-benefit analysis (range (mean, std)) of adaptation measures to mitigate risks faced by railways

Risk Classification

Percentage of NPV > 0 Median NPV in the

Threshold Value of Total Threshold Value of Total

in 20 Years p 20th Year m Cost Proportion k, Cost Proportion k;
A
(USD 0.5 < EAD < USD 0.7 31.7-72.7% 0.09-0.18 0.084-0.118 0.118-0.164
million per km) (51.7%, 9.1%) (0.13, 0.02) (0.098, 0.0085) (0.135, 0.012)
B
(EAD > USD 0.7 million per 75.8%-92.6% 0.21-0.33 0.120-0.155 0.170-0.214
km) (86.2%, 0.38%) (0.27, 0.04) (0.140, 0.0099) (0.194, 0.014%)

maintenance cost proportion (k;), upgrade cost proportion
(k3), and discount rate (d) to NPV in the 20th year is pre-
sented in Fig. 9b, and the results show that the contribu-
tions of k3, k», and k; reach 24.37%, 23.12%, and 23.11%
on average, respectively, followed by the contributions of
d (17.85%) and n (11.55%). That is, the upgrade cost and
maintenance cost largely determine NPV, while the routine
maintenance period and discount rate are less important.

4 Discussion

This study assessed flood and earthquake risks of existing
and newly planned railway assets along the B&R and
highlighted the effectiveness and necessity of risk assess-
ment and adaptation. To our knowledge, this is the first
study that quantifies the multi-hazard risk faced by railway
transportation infrastructure in the B&R project. Such an
analysis helps to identify high-risk routes and design
adaption measures for risk mitigation, which can increase
government and construction companies’ awareness of
disaster risk.

@ Springer

To verify our analyzed results, we compared the esti-
mated loss of Chinese railways to floods with the recorded
data. According to the Han (2016), the annual average loss
of Chinese railways to floods from 2010 to 2016 reached
RMB 47 thousand yuan (USD 7.3 thousand) per km, while
we estimated RMB 30-68 thousand yuan (USD 4.7-10.6
thousand) per km. Note that this is a rough comparison
because of the scarce validation data. Considering that the
loss recorded may contain both the pluvial and fluvial
flooding damages, our results may have slightly overesti-
mated the risk. Nevertheless, our assessment shows an
acceptable credibility.

However, there are still a number of uncertainties that
should be addressed. First, there are some uncertainties
with the flood hazard map provided by Ward et al. (2017).
The resolution is 1 km, and this would bring some errors in
the inundation simulation. Furthermore, it only considers
major rivers—minor water courses were not considered—
which may lead to an underestimate of flood risk.

Second, the determination of the vulnerability of
infrastructure is challenging. Due to the lack of local vul-
nerability curves of railway infrastructures, we used a
factor correction method to take the regional differences of
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vulnerability into account. However, the RQI is not a
uniform value in a country. Interventions such as building
viaducts or deep foundation systems may be implemented
in some segments due to complex geological and hydro-
logical conditions, which would increase the local RQI,

able to flood damage (Moran
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(V)

km; ¢ Top 10 countries with the

while some adverse factors may decrease the local RQI.
Some geological phenomena, for example, as well as some
anthropogenic factors result in a rise of soil saturation or
soil loosening, making the railway subgrade more vulner-

et al. 2010; Tsubaki et al.

@ Springer



564 Wang et al. Flood and Earthquake Risk Assessment of Railway Assets along the Belt and Road
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2016; Lagadec et al. 2018). The risk assessment results
would be more robust if the vulnerability curves of the
railway infrastructure for different countries were avail-
able, which would require the joint efforts of the academic
community.
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Third, the determination of replacement costs also pre-
sents significant uncertainties, given a large range and
regional differences. Many existing public cost data often
contain the project indirect cost, such as land acquisition at
high density urban areas. It is difficult to remove the



Int J Disaster Risk Sci

565

indirect cost during construction for all countries. The
factor correction method used in this study is carried out at
the country level and neglects local specific influencing
factors on the cost.

Fourth, cost-benefit analysis of adaptation measures is
interesting but also very challenging. It is difficult to esti-
mate the cost of raising the RQI by 10% for different lines.
We provided a wide variety of cost-benefit analysis
parameter combinations and introduced the concept of cost
threshold. We used the same maintenance or upgrading
cost range for each country and did not take the difference
of cost parameters between different countries into
account. Moreover, the range of cost parameters we used in
this study may be insufficient to cover the costs for some
projects.

Some other limitations also exist for this study. First,
high flood velocity would bring additional force that cre-
ates a greater risk for infrastructures. Kreibich et al. (2009)
provided the relationship between velocity and damage,
and emphasized the importance of velocity on road
infrastructure. The empirical velocity-damage model was
also developed based on event investigation (Kellermann
et al. 2015). As velocity is not available from the flood
dataset used, we did not take the effect of velocity into
account. Further work can be performed in this direction.

Second, we did not consider the effect of climate change
and assumed that the EAD would remain constant in the
future for the cost-benefit analysis. However, climate
change may lead to more intense and more frequent
flooding along the B&R. Hirabayashi et al. (2013) incor-
porated future climate ensemble data into the global river
routing model, and the results indicated that the frequency
of floods in Southeast Asia and the Indian Peninsula would
increase significantly. Alfieri et al. (2017) assessed global
flood risk to the economy and the population, where Asia,
the United States, and Europe would experience the
greatest increases in flood risk. Future work can be per-
formed to assess the risk of infrastructure in the B&R
countries considering climate change effects.

Third, our approach only considers the physical damage
to railway infrastructures. The loss of transportation
interruption due to damage is not assessed, and the indirect
benefits of reducing disaster risk are not included in the
cost-benefit analysis. A World Bank study for roads in
Mozambique (Espinet et al. 2018), for example, indicated
that the user benefits brought by adaption measures are
equal to or greater than the reduced physical damage costs.
The benefit from disaster risk adaptation would be greater
considering future rising flood risk and increased interna-
tional trade.

5 Conclusion

This study assesses the existing and planned railway asset
risk with respect to two major natural hazards—river floods
and earthquakes—among 50 countries along the B&R,
which contributes to closing the gap of multi-hazard risk
assessment faced by transportation infrastructure along the
B&R. Through a cost-benefit analysis of physical adapta-
tion measures in high-risk areas, we exemplify the appli-
cability and usability of this risk assessment. The main
conclusions are as follows:

1. We found that 9.3% of railway assets in the selected
B&R countries are exposed to a one in 100 year flood
event, and 22.3% are exposed to a one in 475 year
earthquake event. High-income countries (1.61%)
have the highest exposure per km to flood hazards,
while upper middle (0.38%) and lower middle-income
countries (0.37%) have the highest exposure to earth-
quake hazards. From the perspective of regional
differences, Southeast Asia (2.58%) and Western Asia
(0.87%) are the regions that experience the highest
flood and earthquake hazard exposure to railway assets
per km.

2. The EAD of all railway assets along the B&R is
estimated at USD 1,438 (between 966 and 2,026)
million. Among them, floods constitute the majority
(96%). Earthquake risk is much smaller due to its low
probability of occurrence. Regionally, East Asia
(28%), Eastern Europe (26%), and Southeast Asia
(14%) are the regions that experience the highest risk.
At the national scale, with respect to both flood and
earthquake hazards, China has the highest EAD
(between USD 240 and 525 million in total). Russia
follows China in terms of the EAD (between USD 176
and 327 million) due to floods, and Italy comes after
China in EAD (between USD 4 and 40 million) due to
earthquakes. Laos and Cambodia are the two countries
with the highest EAD per km due to flooding (USD
66,125-112,154 and USD 31,954-56,844 per km),
while Italy and Myanmar have the highest earthquake
EAD per km (USD 1,000-3,057 and USD 893-3,019
per km). For the newly built and planned projects, the
China—Indochina Peninsula Economic Corridor, the
China—Pakistan Economic Corridor, and the China-
Central Asia—West Asia Economic Corridor are in the
zones with the highest absolute risk, with average
EADs of USD 95, 67, and 40 million, respectively.
The China—Indochina Peninsula Economic Corridor,
China—Pakistan Economic Corridor, and the New
Eurasian Land Bridge have the highest EAD per km,
and the average EAD per km is USD 18, 17, and 15
thousand per km, respectively.
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3. We performed a CBA to evaluate the benefit of
increasing the railway quality index (RQI) by 10% to
mitigate flood risk. The results show that a large
benefit can be gained for railway segments with higher
risk. For railway segments with an EAD larger than
USD 0.7 million per km, 75.8-92.6% of 1,000
adaptation scenarios support positive NPV in 20 years.
Our sensitivity analysis further revealed that upgrading
and maintenance costs contribute most to NPV, while
the routine maintenance period is relatively less
important. That is, NPV can be more effectively
increased by reducing the cost of upgrades and
maintenance.
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