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Abstract. Investigating damage potential of the railway infrastructure requires either large amount of case histories or in-depth
numerical analyses, or both for which large amounts of effort and time are necessary to accomplish thoroughly. Rather than
performing comprehensive studies for each damage case, in this study we collect and analyze a case history of the high-speed
railway system damaged by the 2004 M6.6 Niigata Chuetsu earthquake for the development of the seismic fragility curve. The
development processes are: 1) slice the railway system as 200 m segments and assigned damage levels and intensity measures
(IMs) to each segment; 2) calculate probability of damage for a given IM; 3) estimate fragility curves using the maximum
likelihood estimation regression method. Among IMs considered for fragility curves, spectral acceleration at 3 second period has
the most prediction power for the probability of damage occurrence. Also, viaduct-type structure provides less scattered
probability data points resulting in the best-fitted fragility curve, but for the tunnel-type structure data are poorly scattered for
which fragility curve fitted is not meaningful. For validation purpose fragility curves developed are applied to the 2016 M7.0
Kumamoto earthquake case history by which another high-speed railway system was damaged. The number of actual damaged
segments by the 2016 event is 25, and the number of equivalent damaged segments predicted using fragility curve is 22.21. Both
numbers are very similar indicating that the developed fragility curve fits well to the Kumamoto region. Comparing with railway
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fragility curves from HAZUS, we found that HAZUS fragility curves are more conservative.
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1. Introduction

High-speed railway system is an effective and fast
transportation system connecting cities. To maintain its high
speed, the railway tends to be built straight. Hence, the
railway system is composed of composite infrastructures
including tunnel, bridge, and viaducts which are vulnerable
to seismic motions.

Seismic vulnerability of tunnel, bridge, viaduct, or
roadbed through which high-speed trains pass have been
key research subjects for railway seismic reliability study
(Argyroudis and Pitilakis 2012, Argyroudis and Kaynia
2015, Balkaya and Kalkan 2004, da Porto ef al. 2016, Li et
al. 2017, Liu et al. 2015, Lu et al. 2019, Shao et al. 2014,
Yilmaz et al. 2019). Analyzing damage potential of each
infrastructure needs either large amounts of data sets, in-
depth numerical analyses, or both, which require multiple
research efforts to accomplish thoroughly.

Seismic reliability is often expressed as fragility curves
—the probability exceeding a certain damage level (DL)
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conditioning on certain intensity measures (/Ms). HAZUS,
FEMA’s methodology estimating potential losses from
natural disasters, provides earthquake loss estimation model
for railway transportation system (Kircher et al. 2014).
Fragility curves for track and roadbeds, bridges, tunnels,
and facilities are shown in the HAZUS technical manual
(FEMA 2014). Kim et al. (2014) analyzed seismic fragility
of tunnels that are belong to the Korean high-speed railway
system analytically and compared fragility curves from
HAZUS.

In this study, for evaluation of seismic reliability of
high-speed railway system, we perform case history
analysis. The advantage of this analysis is that it uses real
damage observations and measured /Ms so that it can be
used for validation of the fragility curves developed
analytically (Kwak et al. 2016). Targeting case histories in
this study are the Shinkansen Joetsu Line (SJL) damaged by
the 2004 M6.6 Niigata Chuetsu earthquake and the
Shinkansen Kyushu Line (SKL) damaged by the 2016 M7.0
Kumamoto earthquake. At each event, a train was derailed
due to the ground shaking, and numerous damage were
occurred along the railway. The major damage by the 2004
event is observed from Echigo-Yuzawa to Niigata station
where the length is approximately 118 km, and observed
from Shinminamata to Shinomuta station where the length
is approximately 113 km at the 2016 event. For the 2004
event we could gather locations of railway damage, but for
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the 2016 event the damage location is very uncertain.
Therefore, we use the 2004 event case history for fragility
model development and use the 2016 event case history for
model validation.

In the previous study (Yang and Kwak 2019) we
collected damage states of the railway system damaged by
the 2004 event from the damage observation report (Ogura
2006) and defined damage levels following the damage
states from the HAZUS earthquake loss estimation model
for a railway infrastructure (FEMA 2014). Five ground
motion IMs (PGA, PGV, SAto3, SAtio, SAt30) were
assessed from the USGS ShakeMap program (USGS
2019a). With the seismic demands and number of damaged
segments, seismic fragility curves were evaluated
depending on each IM statistically. From the results, Yang
and Kwak (2019) suggest that the fragility curve with 3
second spectral acceleration (SAr30) performs the best (i.e.,
predicts the damage with the least uncertainty). However, in
the previous study the fragility curve was suggested for the
entire railway system without dividing into sub-structure
type. In this study, we evaluate fragility curves for each
structure type (i.e., tunnel and viaduct) and validate the
model by comparing with the total number of damaged
segments at another system by the 2016 event.

2. Case histories of high-speed railway system
damaged by earthquakes

This section summarizes damage states of high-speed
railway systems and seismic demands for two case
histories.

2.1 2004 M6.6 Niigata Chuetsu earthquake

2.1.1 Target system and earthquake demand

The 2004 M6.6 Niigata Chuetsu earthquake occurred
inland in Niigata region, Japan, where the Shinkansen
Joetsu Line (SJL) locates near the epicenter. Due to seismic
excitation, various levels of damage were occurred on the
SJL between Echigo-Yuzawa and Niigata stations. Location
of the SJL, railway structure type, and shaking intensity are
shown in Fig. 1. Looking satellite imageries and road-view
along the SJL, we could group structure types as three: 1)
station, 2) viaduct or bridge, and 3) tunnel. The total length
is 70.4 km for viaduct or bridge and 46.4 km for tunnel. We
collected various IMs including short to long period
components of ground motions (i.e., PGA, PGV, SAros,
SAri0, and SAt30) from USGS ShakeMap (USGS 2019a)
along the railway, which are plotted in Fig. 2.

2.1.2 Damage distribution

From the damage observation report (Ogura 2006), we
classified damage descriptions and assigned damage levels
as described in Table 1 (Yang and Kwak 2019). To prepare
statistical analysis described in the subsequent section, we
sliced the target SJL system into 200 m segments. The unit
length of 200 m is selected because the general minimum
length of the Shinkansen train set is approximately 200 m
(one set is composed of 8-12 cars, and each car length is
approximately 25 m). As a result, the target system is sliced
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Fig. 1 Location of SJL, and seismic intensity contour
map (USGS 2019a)

120

-
® o
o o

S 80 z
g E 60
< >
g 40 i 40
20
0 0
0 40 s§anio 120 0 40 sFano 120
Distance (km) Distance (km)
(a) Peak ground (b) Peak ground velocity

acceleration (%g)
250

SAq,; (%0)

iigata Yuz‘agvea Nagaoka Niigata
T T iy T T ! e |
Urasa Tsubame Urasa Tsubame
0 40 gfanic 120 0 40 ganie 120
Distance (km) Distance (km)

Nagacka

(c) Spectral acceleration at (d) Spectral acceleration at
T=0.3 sec (%g) T=1.0 sec (%g)
2

@
® 12
< 8
[}
4
0 Nagacka Niigata
r Urasal "~ Tsubame !
0 40 afane 120
Distance (km)

(e) Spectral acceleration at T=3.0 sec (%g)

Fig. 2 Intensity measures by the 2004 Niigata event.
Distance metric is measured from Echigo-Yuzawa station
along the SJL

into 592 segments. Each segment was categorized as
aforementioned three structure types (station, viaduct or
bridge, and tunnel), and DL was assigned based on the
damage description.
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Table 1 Damage levels assigned to each damage description
for the SJL case history

DL  Damage state Target Damage

structure type description
. Station - Catenary poles tilted
1 Slight . :
Viaduct - Snow-melting station damaged
Tunnel - Fallen concrete
2 Minor
Viaduct - 1-4 columns damaged
- Composite damage (fallen concrete,
Tunnel slab track deformation, crack in
3 Moderate central passageway)
Viaduct - >4 columns damaged
4 Extensive Viaduct - Ground subsidence

- Rail deformation

To evaluate fragility curve, it is important to know the
exact location of damage to incorporate /M with DL.
However, damage locations are not fully described in the
damage observation report so that we needed to interpret
and approximated the locations. For example, a catenary
pole damage case is written in the report as “44 catenary
poles tilted between Echigo-Yuzawa and Urasa stations.”
Unfortunately, we do not know where those 44 tilted poles
were located exactly at this time. Hence, we equally
distributed the damage states to all segments between
Echigo-Yuzawa and Urasa stations for this case. There are
143 segments between these two stations. From satellite
imagery, we figured out that there are 10 poles in one 200 m
length segment. Thus, 44 poles would locate within 4.4
segments as the least. Since the total number of segments is
143, we assign 3% weight to each segment, which is the
potential of pole damage. Note that 100% weight indicates
that at least one damage feature is observed within a
segment. In this way, we could distribute each damage
states to the whole railway system if locations are not
specified. If a damage state is specified within a segment
(e.g., damage at two columns in Uonogawa Bridge), full
weight is assigned to the segment.

2.2 2016 Kumamoto Earthquake sequence

2.2.1 Target system and earthquake demand

The 2016 Kumamoto earthquakes have two devastating
events: one is the M6.2 foreshock, and the other is the M7.0
mainshock. Both events damaged a high-speed railway
system, Shinkansen Kyushu Line (SKL). Similar to the
Niigata case history, we gathered damage information from
a damage observation report, assessed seismic demands
from USGS ShakeMap, and specified SKL structure type
along the railway. Fig. 3 shows location of SKL with
seismic intensity map from the M7.0 mainshock, and Fig. 4
shows IMs along the SKL between Shinminamata and
Shinomuta stations where damage occurred by both events.
It is an opportunity that we could collect two case histories
(foreshock and mainshock) for the same system, but in the
same time it is difficult to analyse because we do not know
which damage was occurred by which event. Moreover,
damage locations are uncertain comparing to the Niigata
case which hinder our interpretation. Therefore, we do not
use this data set for fragility curve development but use for
model validation.
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Fig. 3 Location map of SKL between Shinminamata
station and Shinomuta station. Seismic intensity contour
map for M7.0 mainshock is overlaid (USGS 2019b)
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Fig. 4 Intensity measures by the 2016 M6.2 foreshock
(dotted red line) and M7.0 mainshock (solid black line)
along the SKL

2.2.2 Damage distribution

We target the railway system between Shinminamata
and Shinomuta stations which encompasses a sub-system
between Shinyatsushiro and Shintamana stations damaged



182 Seunghoon Yang, Dongyoup Kwak and Tadahiro Kishida

Table 2 Damage description along the SKL written in the
MLIT report (MLIT 2016)

Dist. (km) Damage Description Name of Location
43.2-75.0 33 cracks in the viaduct column Shinyatsushiro to
Kumamoto
. . Kumamoto to
75.0-96.8 122 fall-off of noise barrier walls .
Shintamana
75.0-96.8 4 damage on the viaduct bearings Kurpamoto to
Shintamana

Table 3 Damage level and damage description from the
SKL case history

Target Damage
structure type Description
- Crack in the viaduct column
- Fall-off of noise barrier wall
- Damage on the bearing

DL Damage State

2 Minor Viaduct

by the 2016 Kumamoto earthquakes. Collecting damage
description resources, we found that there were slight and
moderate damage on viaduct, but no damage on tunnel. We
summarize one damage description resource, the MLIT
report (MLIT 2016) in Table 2. As noted above, the damage
location is not specified in detail so that we only know the
total amount of damage within a region. Considering
definition of damage levels used for the 2004 Niigata event
(Table 1) and damage states from HAZUS model, we
assigned only DL=2 to all damage states shown in Table 2.
DL and the associated damage descriptions are summarized
in Table 3. As a result, total 25 segments in SKL were
damaged with DL=2 by the Kumamoto earthquakes.

3. Seismic fragility curves
3.1 Methodology

We statistically aggregate seismic fragility curve using
ground motion intensities and damage levels assigned from
a specific event following the procedure suggested by Baker
(2015). The fragility function, the probability of damage
exceeding a certain damage level given an /M, can be
denoted as follows (Porter ef al. 2007):

Fy(IM) = P(DL = dl|IM = im) (1)

where DL is a damage level, d/ is a target damage level, and
im is a target IM. The Fa(IM) is the probability exceeding d!
at a given /M, which is ranged from zero to unity. To predict
Fa(IM), a cumulative distribution function (CDF) is often
used as a functional form because it also ranges from zero
to unity. We adopted a log-normal CDF as a functional form
as follows:

In(IM) — ln(xm))
— 5 (2)

Fal(IM)=¢< 7

where @ indicates standard normal Gaussian CDF, x,,
denotes median, and f is standard deviation in natural log
unit of distribution. /Ms are distributed log-normally so that
many ground motion models use log-normal distribution for
IM prediction (e.g., Boore ef al. 2014).

Defining Fu(IM) in Eq. (2) needs to identify x,, and S.
Baker (2015) uses maximum likelihood estimation (MLE)
method to find x,, and f from data points. Kwak et al.
(2016) also used MLE to fit fragility functions to seismic
levee damage probability. In MLE, a likelihood of damage
probability can be calculated as follows:

m
) ) _ le Z: nj=z;
Likelihood = B (Zj) p; "(1-p)) 3)

where m is the number of IM levels, n; and z; are the total
number of segments and number of damaged segments
subjected to the j IM level, respectively, and p; is the
probability exceeding a certain d/ with j* IM from Eq. (2).
From Eq. (3), we can find x,, and  maximizing the log of
the likelihood as Eq. (4). We use this method to find x,, and
p toward best-fitted fragility curve to damage probabilities
conditional on /M.

3.2 Empirical fragility curves for railway structure

Two metrics used for the fragility function in Eq. (2), x
and S, contain important information for damage probability
prediction. The median, x,, indicates an /M for which 50%
probability of damage is expected. However, if empirical
data is used for fragility function generation, x,, tends to be
unrealistically high because generally no data points are
available at high probability range (> 20%). The log-normal
fit is regressed only using low probability data points.
Hence, the x,, should be interpreted as a metric for a fit, not
a meaningful value that indicates 50% probability of
damage if it is obtained from regression analysis and data
are only available at low probability range. The f indicates
how the probability distribution is scattered. Narrow
distribution (i.e., small f) provides more precise
information for predicting the damage occurrence given a
certain /M. On the other hand, wider distribution (i.e., large
p) does not help much because the probability of damage
gradually increases with /M in wide range.

If regression is performed to empirical data, the x, is
often very high and f is often wide. It is because the line is
fitted to scattered data points. Also, regression to data points
without any constraint is sometimes problematic because
the higher damage level could have the higher damage
probability than the lower damage level at a certain /M. For
bridge and tunnel, HAZUS fixes f = 0.6 for fragility curve
with ground shaking demand. To compare with HAZUS
result and prevent probability reversal, we also fix the §
within one /M type and find x,, with varying DL threshold.

B

MLE (x,,, ) = maxﬂln (Z]]) +z;XIn® (W) + (nj — zj)x In (1 —® <M>> 4)
j=1
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Table 4 Metrics for fragility curves depending on structure type and damage level. MLE indicates maximized log-

likelihood estimate used for regression

Type IMs Metrics DL>0 DL>1 DL>2 Type IMs Metrics DL>0 DL>1 DL>2
Xm (%08) 154 129 182 Xm (%0g) 119 129 182
PGA p 0.6 0.6 0.6 PGA p 0.6 0.6 0.6
MLE -333 -22.7 -9.3 MLE -8.8 -8.8 -2.6
X (cm/s) 148 161 227 Xy (cm/s) 148 161 227
PGV p 0.6 0.6 0.6 PGV p 0.6 0.6 0.6
MLE -17.4 -15.1 -5.6 MLE -11.3 -10.9 -2.6
Xm (%0g) 265 298 421 Xm (%0g) 265 298 421
All SAro3 p 0.6 0.6 0.6 Viaduct SAro3 p 0.6 0.6 0.6
MLE -31.1 -16.0 -1.5 MLE -9.0 -8.5 -3.0
Xm (%0g) 97 104 145 Xm (%0g) 97 104 145
SArio p 0.45 0.6 0.6 SAr1o B 0.45 0.6 0.6
MLE -25.7 -12.9 -12.3 MLE -6.6 -6.5 -4.2
Xm (%0g) 17 18 21 X (%0g) 17 18 21
SArs0 B 0.3 0.3 0.3 SAt30 B 0.3 0.3 0.3
MLE -31.9 -11.3 -7.8 MLE -8.4 -6.8 -4.2

For the probability assessment with a given /M and the
development of the fragility function, we use the following
procedure.

1. Sort segments based on /M value.

2. Bin segments with equal number. We selected 50
segments as a bin size.

3. Count damage occurrence within a bin.

4, Calculate probability of damage occurrence by

dividing the number of damaged segments from (3) as a bin
size from (2).

5. Fit a log-normal CDF function to data points
obtained from (4) using the MLE method (Eq. 4)
constraining f as a constant for one /M type.

We repeated the above procedure for each damage
threshold (i.e., DL>0, DL>1, DL>2). The DL>3 is excluded
because the number of damaged segments with DL=4 is
very limited. In this study, five types of IMs (i.e., PGA,
PGV, SAto3, SAr10, and SAt30) were selected for seismic
demand type.

We only developed fragility function for all structure
type and viaduct type only. Tunnel is excluded because the
damage probability data points are poorly scattered for this
type so that fitting a fragility curve is not meaningful.
Therefore, we suggest fragility curves with £ constraint for
all structure and viaduct. Fragility curves combining all
structure without § constraint are shown in Yang and Kwak
(2019).

Fig. 5 shows probability exceeding a certain damage
level and fitted fragility curves for all structure including
viaduct, tunnel, and station, and Fig. 6 shows for viaduct
only. From the resulting fragility curves, we found that:

1. Viaduct fragility curve has more prediction power
than all structure: low f and less scatter of data points. This
may be caused because tunnel is located underground so
that the /Ms on the surface that used in this study would not
be the true /Ms for tunnel. This may induce data scatter for

all structure type.

2. Among five IMs considered, SAt3o provides the
best-fitted fragility curve and the smallest f which gives
sharp increase of probability. Although we used g = 0.6 to
be the same f used in HAZUS in general, we selected S =
0.3 for viaduct case with SArs3o (Fig. 6e). The f = 0.3 fits
better than = 0.6 to the data points for this case.

3. For viaduct, fragility curves for DL > 0 and 1 are
very similar. It may be caused that the DL > 0 for viaduct
are observed at low /Ms where damage locations are very
uncertain, which is ignored when regress fragility curve
with £ constraint.

4. Results and discussion

4.1 Validation with the 2016 Kumamoto event

To validate the fragility curve developed, we compare
the probability of damage calculated from the developed
fragility curve and the observed damage probability from
the 2016 Kumamoto earthquake case history. We choose
SArso as a seismic demand because it predicts the damage
with the least uncertainty as described in Section 3.2.

We first evaluated the total number of damaged
segments by the 2016 mainshock within target SKL. We
excluded the foreshock case because it is not clear that
which event caused damage at specific locations. Since the
mainshock generated greater /Ms than the foreshock as
shown in Fig. 4, we assumed that the majority of damage
was occurred due to the mainshock.

We assigned only DL=2 to SKL based on the damage
description (Table 3). The number of damaged segments
with DL=2 is 25, and there is no tunnel damage. Hence, we
use the fragility curve for x,, = 18 %g and £ = 0.3 which is
the case for [DL > 1, SArs0, viaduct structure type) (Fig.
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6(e)). Ground motion observed along the SKL (Fig. 4(e)) is
used for damage probability calculation at the target system.
As a result, the sum of the damage probability is 22.21
which is very close to the total damaged segments by the
2016 event. It proves that the developed fragility curve
predicts the total damage occurrence reasonably well even
to another case history.

4.2 Comparison to HAZUS fragility curves

For a railway system, HAZUS provides fragility curves
for track and roadbeds, railway bridges, railway tunnels,
and railway system facilities (FEMA 2014). Herein we
focus on the railway bridge case for comparison with
empirically developed fragility curve (hereafter called
Niigata) in this study. Since HAZUS uses SArio and
permanent ground deformation for seismic demands of
fragility curves, we compare SArio only. There are four
damage states (DS) defined in HAZUS. Comparing to the
DL description defined (Table 1), DS=1 is comparable to
DL=2, and DS=2 is comparable to DL=3. Hence, target
cases for comparison are DL > 1 and DL > 2.

Fig. 7 shows Niigata and HAZUS. The railway bridge
type selected from HAZUS is HWB2 which is the type for
the seismically designed major bridge (FEMA 2014). It can
be seen that the HAZUS provides more conservative
fragility curves than Niigata. For example, for SAtio = 30
%g, HAZUS predicts 12.4% of damage for DL > 1 and
3.4% for DL > 2, but Niigata predicts 1.9% for DL > 1 and
0.4% for DL > 2. We postulate that HAZUS models are
based on relatively old damage functions (e.g., Basdz and
Mander, 1999), which regards more vulnerable structures
than modern structures resulting in more conservative
fragility curves.

5. Conclusions

Seismic fragility curves for a high-speed railway system
have been developed empirically. The 2004 M6.6 Niigata
earthquake case history is used for the source of the model
development, and the developed model is validated by

comparing with another case history of the 2016 M?7.0
Kumamoto earthquake. The developed fragility curves are
also compared with existing fragility curves from HAZUS.

The target railway system is composed of generally
three structure types: tunnel, viaduct, and station. The
viaduct provides meaningful damage probability trend (i.e.,
probability increases with /M), but the damage probabilities
for tunnel are poorly scattered. Hence, we only include
viaduct for fragility curve development. The ground motion
intensity that tunnel would get would be different with the
one estimated in this study because tunnel is located
underground. For station, the total number of segments is
not enough to develop damage probability with robust
manner.

We used five types of IMs: PGA, PGV, SAro3, SATti.0,
SAr3; as seismic demands. Among those, SArs gives the
best-fitted model to data points and the smallest f which
ensure that SArso fragility model performs superior. We
think that the long duration motion impacts the most to the
damage of viaduct-type structure.

Applying [SAtso, DL > 1, viaduct] fragility curve
developed using the 2004 Niigata case history to the 2016
Kumamoto case history, we calculated the total sum of
damage probability within the target railway system as
2221% (approximately 22 segments). The actual observed
damaged segments are 25. It is promising that the
developed fragility curve predicts reasonably well the total
number of damaged segments from another case history.
Comparing with HAZUS models, the developed fragility
curves suggest lower probability of damage than the
HAZUS given the same /M.

The fragility curve in this study is not developed from
an in-depth research analyzing the damage mechanism for
each infrastructure type; rather, the curve is developed
statistically using a case history from a specific past event
occurred in Japan. We validated the fragility model using
another case history where both resulting damaged
segments are in good agreement.

The fragility curve information provided herein could be
used to assess preliminary expectation of seismic damage
on high-speed railway system. However, we caution that
another railway system in other regions or countries would
have different construction standard or hazard mitigation
effort, which would result in different fragility curve. For
future study we are planning to perform numerical analysis
of tunnel seismic behavior to fill the gap of fragility curve
for railway infrastructure and further validate empirical
viaduct fragility curve.
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