
 1

A new seismic damage estimation approach for lifelines; Application to the 2004 
Niigata-ken Chuetsu earthquake, Japan 
 

H.Sakai, N.Pulido, and K.Hasegawa 
Hiroshima Institute of Technology, 2-1-1, Miyake, Saeki-ku, Hiroshima, 731-5193, Japan. 

National Research Institute for Earth Science and Disaster Prevention, 3-1, Tennodai, Tsukuba, 
Ibaraki, 305-0006, Japan. 

OYO International Corporation, 6, Rokubancho, Chiyoda-ku, Tokyo, 102-0085, Japan. 
 

SUMMARY 
 
Conventional damage predictions methodologies of lifeline structures are mainly based on peak 
ground motion measures. However a line structure such as a lifeline suffers damage mainly induced 
by the strain of the ground, and therefore is likely to be vulnerable to sharp spatial changes in 
ground motion. In this study we propose a measure of lifeline damage based on the spatial gradient 
of peak ground velocity (PGV), as an attempt to quantify the effect of geospatial variability of 
ground motion into lifeline damage. We investigated the spatial distribution of damage to lifeline 
structures during the 2004/10/23, M6.8 Niigata-ken Chuetsu earthquake, and compared the 
surveyed damage with the PGV distribution as well as with the gradients of PGV calculated around 
the source area. In order to allow a comparison between ground motions and the very dense 
observed damage to lifelines, we calculated the PGV distribution for a region around the source 
area at a grid cell every 250 m. We estimated ground motions by applying a broadband frequency 
strong ground motion simulation methodology based on a multi-asperity source model of the 
Chuetsu earthquake. Then we calculated the gradients of PGV along the geographical coordinates, 
and define the PGV gradient vector amplitudes as a damage estimator. 
Our results show that the distribution of damage to water supply pipelines has a very good 
correlation with the gradients of PGV, in contrast with a poor correlation with PGV. We show that 
the predicted PGV values and the gradient of PGV are useful indexes for evaluation of hazard maps 
of roads and underground facilities like water supply pipelines.  
 
 

1. INTRODUCTION 
 
Lifeline facilities such as roads, gas and water pipelines always suffer severe damages during large 
earthquakes. The damage to roads isolates the affected regions, and the failure of the gas and water 
supply pipelines places additional distress on the earthquake victims. The 2004/10/23, M6.8 
Niigata-ken Chuetsu earthquake was the largest damaging earthquake in Japan since the 1995 Kobe 
earthquake. The earthquake recorded accelerations above 1.7g and velocities of 130 cm/s. These 
extreme ground motions induced an extensive damage to lifelines such as roads and water supply 
pipeline system in the Niigata prefecture. This earthquake highlighted the importance of an 
appropriate seismic assessment and damage prediction for lifeline facilities.  
Conventional damage prediction methodologies for lifeline facilities are typically based on some 
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ground motion indices. The majority of Japanese self-governing bodies, lifeline companies and 
government agencies use Peak Ground Acceleration (PGA), Peak Ground Velocity (PGV), Seismic 
Intensity (SI), and the degree of liquefaction or instrumental intensity for the damage prediction of 
lifelines. The Tokyo Prefecture Office and the Japan Water Works Association adopt methods based 
on the PGV values for the seismic design of the water supply pipelines. A large number of Japanese 
self-governing bodies use a methodology based on the PGA values [1] for the seismic damage 
prediction for water supply and sewer pipelines. The gas supply companies evaluate the damage to 
gas pipeline networks expected for some future earthquakes by using the PGV and SI values. From 
empirical estimations of liquefaction-induced ground displacements, Hamada et al. [2] proposed a 
damage prediction methodology for the sewer and water supply pipelines for areas subjected to 
liquefaction. Jeon and O’Rourke [3] studied the relation between pipeline damage and PGA, PGV 
and the spectrum intensity (SI), for the 17 January 1994 Northridge earthquake and found a strong 
correlation between pipeline repair rate (earthquake induced pipeline damage), pipe material, and 
PGV. However, a pipeline which is an underground line structure is more likely to be affected by 
strong local variations of ground motion rather than absolute values of peak ground motion. To 
address this problem Paolucci and Smerzini [4] introduced a methodology to calculate the in-plane 
strain tensor at the ground surface based on observed records in dense seismic arrays. This method 
might be useful to evaluate a detailed strain distribution for well recorded past earthquakes, but it 
might not be appropriate for the evaluation of hazard maps of lifelines for future damaging 
earthquakes. In this paper we propose a methodology using the PGV gradient for the seismic 
damage evaluation of the pipelines. In the following we will present an outline of the methodology, 
and its application for the estimation of damage to roads and water supply pipelines due to the 2004 
Niigata-ken Chuetsu earthquake. We will show that PGV gradients are better predictors of water 
supply pipeline (WSP) system damage than PGV. 
 

2. STRONG MOTION SIMULATION AND PGV GRADIENT 
 
2.1 Strong motion Simulation within Niigata Prefecture 
In order to make possible a comparison between damage to lifelines and ground motion indexes 
during the Niigata-ken Chuetsu earthquake it is necessary to calculate ground motions at a finer 
spacing than the one provided by observed strong ground motions at K-NET and KiK-net (strong 
motion nationwide networks operated by NIED, consisting of 1800 stations), and observed JMA 
instrumental intensities (inter-station spacing of ~10 km). For that purpose we calculate 
seismic-bedrock broadband strong ground motions every 250m within the near-fault region, and 
incorporate site amplifications to simulated PGV values, from a 7.5-arc second (250m) Vs30 map 
of the Niigata region (Wakamatsu et al. 2005 [5]). Seismic-bedrock ground motions  are obtained 
by a hybrid method that combines wave propagation within a 1-D crustal model at low frequencies, 
with a semi-stochastic modelling approach at high frequencies, by using a multi-asperity source 
model. Source model parameters such as stress drop of asperities are obtained by optimizing the 
fitting between simulated and observed near-fault strong ground motions. Details of the strong 
motion simulation methodology as well as the simulation results for the Niigata-ken Chuetsu 
earthquake are described in Pulido and Kubo [6] and Pulido and Matsuoka [7]. To incorporate site 
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amplifications to bedrock ground motions we use expressions relating the average S-wave velocity 
from the surface to a depth of 30m (Vs30, in m/s), to PGV amplification factors with respect to a 
seismic bedrock site (Vs=2600 m/s) as follows (Pulido and Matsuoka [7]); 
 

log PGVamp = 1.83 – 0.53 log Vs30      (1) 
 
The previous equation was obtained by combining results of observed frequency dependent site 
amplifications at 31 strong motion sites within the Niigata region (Pulido and Matsuoka 2006 [7]), 
as well as a 250m grid cell Vs30 map of the Niigata region (Wakamatsu et. al. 2005 [5]). 
Estimation of a Vs30 map at this fine scale is based on a detailed geomorphological map of a 
region as well as information on dense Vs30 measurements (Wakamatsu et. al. 2006 [8]). 
Our simulated PGV values show a complex pattern around the hypocenter (Figure 1, colorscale). 
We can observe that ground motion is relatively small just above the hypocenter, compared with the 
adjacent areas around the hypocenter. This feature is in agreement with the radiation pattern of a 
reverse type earthquake like the Chuetsu earthquake. We obtained large values of PGV at the 
western and southern regions of Ojiya city as well as the entire Kawaguchi and Yamakoshimura 
towns, where simulated PGV’s are above 80 cm/s for wide areas. In Figure 1 we also show the 
observed instrumental intensity distribution (black contour lines), obtained from a dense network of 
intensity meters in the Niigata prefecture, which is part of a nationwide network managed by the 
Japan Meteorological Agency (JMA) (~3600 instruments nationwide). We can observe a very good 
agreement between the simulated PGV and observed instrumental intensity distributions. In Figure 
1 inset we show a comparison between simulated and observed PGV values at 31 K-NET and 
KiK-net strong motion stations within the Niigata region. We also can observe a good agreement 
between these values. 
 
2.2 PGV Gradient  
In order to get an estimate of differential ground motions which could be a potential source for 
damage to lifelines during an earthquake, we propose to calculate gradients of PGV along 
geographical coordinates (G ), based on our simulated PGV values at a dense and uniform grid 
mesh as follows;  
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where PGVxy  is the peak ground velocity at the x,y grid, and x and y are unit vectors towards East 
and North directions. The amplitude of vector G  is used as an estimator for lifeline damage. 
Intuitively PGV gradients can be better predictors of lifeline damage than PGV, because such an 
underground structure is more likely to be affected by out of phase motions and the associated axial 
or shear strain of the ground along the line. 
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Figure 1  Simulated PGV values of the 2004 Niigata-ken Chuetsu earthquake (color scale). Black contour 

lines represent the observed JMA instrumental intensity during the Chuetsu earthquake. The 

figure inset shows the comparison between simulated and observed PGV values at Kik-net and 

K-Net sites within the Niigata region. Triangles and squares depicts the K-NET and KiK-net 

strong motion stations within the Niigata region. Filled symbols represent stations used for 

asperity parameters estimation. 

 
3. RELATIONSHIP BETWEEN STRONG MOTION AND DAMAGE TO LIFE-LINE 

FACILITIES IN NIIGATA PREFECTURE 
3.1 Damage to lifelines 
Damage to Roads 
We investigated the damage to national highway, principal local road and prefectural road in 
Niigata prefecture as well as the Niigata road network based on an interview survey to Niigata 
prefecture office and Ministry of Land, Infrastructure, Transportation and Tourism Hokuriku 
Regional Development Bureau. The number of the damage points to roads, as well as the number 
of road segments where service was interrupted during the 2004 Chuetsu earthquake, reached 224 
and 88 respectively. In Figure 2 we plotted this road damage information, as well as the regions 
that experienced severe liquefaction and landslides, on a geomorphological map of Nagaoka and 
Ojiya cities and their surroundings [9]. 
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In Figure 2 we can divide the road damage into 3 types. The first road damage type was caused by 
earthquake-induced landslides. This type of damage was widely observed in the Yamakoshimura  
and surrounding regions, as enclosed by region A in Figure 2. The second type of damage 
corresponded to cave-ins of the road induced by liquefaction, as enclosed by regions B, C and D in 
Figure 2 . The last damage type likely associated with local changes in geomorphology, can also be 
observed for some points within regions B and D.   
 

 
Figure 2  Distribution of road damage in Ojiya and Nagaoka cities and environs. 

 
Damage to water supply pipeline 
A survey of the damage sustained by water supply pipelines (WSP) during the Chuetsu earthquake, 
revealed that Nagaoka city water system suffered damaged at 329 locations, and Ojiya city at 95 
locations. In Figure 3 we plotted the WSP damage points, as well as the liquefaction and landslides 
areas during the Chuestsu earthquake, on a geomorphologic map of Nagaoka and Ojiya cities. From 
this figure we can observe that WSP damage can be separated into four distinct groups. The first 
group labeled as A in Figure 3 is located in a geomorphologicaly complex region that consists of a 
mountain area to the east of Nagaoka, as well as a region of gravelly terrace, hill, alluvial fan, 
valley bottom lowland and back marsh in Yamadori and Suyoshi regions. The second group labeled 
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B in Figure 3 is located along the boundary between two dissimilar geomorphological units, such 
as the mountain area east of Nagaoka city, and a region of alluvial fans and gravelly terraces to the 
west of the city. This boundary lies in a zone west of the surface projection of the Chuetsu 
earthquake causative fault (Figure 4). The third area labeled C in Figure 3 lies in a gravelly terrace 
region in Ojiya city, where widespread liquefaction was observed. Some WSP damage was also 
located at the boundary between the mountain region and gravely terrace west of Ojiya where 
numerous landslides were observed. The last zone labeled D in Figure 3 is located to the east of the 
Nagaoka city basin where widespread liquefaction was also observed.  
 

 
Figure 3  Distribution of water pipeline damage in Ojiya and Nagaoka cities. 

 
3.2 Relationship between PGV and damage to lifelines 
Damage to road and PGV 
In Figure 4 we show the simulated PGV for the epicentral region of the 2004 Chuetsu earthquake. 
Damage points to national highway, principal local road and prefecture road are shown by open 
circles and black lines in the figure. We can observe that simulated PGV is above 40 cm/s for most 
of the region. In southern Ojiya, northern Kawaguchi and Yamakoshimura cities, where simulated 
PGV is above 100 cm/s, a large concentration of road damage was observed [10]. On the other 
hand simulated PGV values at Kashiwazaki-city, 30 km North-West of the mainshock epicenter, are 
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relatively larger than the surrounding areas. This is also in good agreement with the large road 
damage concentration at Kashiwazaki-city (Figure 4). On the other hand, despite having large 
values of PGV, northern Ojiya did not sustained significant road damage. This is maybe related to 
the fact that the urban area of Northern Ojiya city is located within a region without pronounced 
topographic changes, contrasting with the heavily damaged roads in Yamakoshimura which is 
located in a mountain region. 

 

 
Figure 4  Simulated PGV values of the 2004 Niigata-ken Chuetsu earthquake (color scale) for a region 

around the ruptured fault (black box). Open circles show damage points to roads during the 

Chuetsu earthquake. Thin gray lines correspond to national highway, principal local road and 

prefecture road networks within the Niigata prefecture.  
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To better understand the correlation between damage to roads and PGV values, we performed a 
statistical analysis of our geospatial road network database and simulated PGV distribution. The 
road network database comprises all national highway, principal local road and prefecture road 
within the target region depicted in Figure 4. For the analysis we subdivided the target region into 
square grid cells of 250m x 250m, with the PGV values calculated at the center of every grid. Then 
we counted the number of grid cells containing all roads in the entire database as well as the grid 
cells corresponding to damaged roads, and calculated the ratio of damaged to total road grid cell 
counts as an estimate for road damage. In Figure 5 we show the results of these calculations sorted 
by PGV for bins every 10 cm/s. Herein, we consider the uncertainty in the simulated PGV and PGV 
gradients we decided to exclude WSP and road damage ratios estimated from less than 20 grid cell 
counts. From this Figure we can see a very good correlation between simulated PGV and road 
damage ratio (correlation coefficient R2=0.97). We fitted an equation relating PGV (cm/s) and road 
damage ratio (RDR, in %) by using a least squares regression and obtained the following 
expression: 
 

log( ) 1.957 log( ) 3.23RDR PGV= −                         (3) 
 
This equation can be used to predict road damage ratios at a specific location where nearby 
observed or calculated values of PGV are available. 
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Figure 5  Relationship between damage ratio to roads and simulated PGV. The road damage ratio is 

estimated as the count of grid cells occupied by damaged roads divided by the total count of road 

grid cells.  The dataset has been sorted by PGV values for bins every 10 cm/s.  
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An examination of our road database also shows that 80% of the roads experienced only minor 
damage (damage ratios < 1%), and were located in areas with simulated PGV values below 40 
cm/s. 
   
Damage to water pipeline and PGV 
In Figure 6 we show the damage points to water supply pipelines (WSP) during the Chuetsu 
earthquake overlapped to the simulated PGV values. From this figure we can observe that the WSP 
damage points are located along a narrow region of 5km width oriented NNE-SSW. We also can 
notice that the majority of points do not concentrate around the highest simulated PGV’s in the 
region, which largely exceeds values of 80 cm/s for broad areas. Water supply damage points 
mainly concentrate in areas of PGV’s below 60 cm/s and 80 cm/s for Nagaoka and Ojiya cities 
respectively. The previous results suggest that the damage to pipeline does not have a high 

 

 

Figure 6  Simulated PGV values of the 2004 Niigata-ken Chuetsu earthquake (color scale). Crosses show 
damage points to water supply pipelines during the Chuetsu earthquake. 



 10

correlation with PGV values. On the other hand we notice that water supply damage points 
perfectly align along a region where PGV values rapidly change from 40cm/s to 80 cm/s. This 
change in PGV originates at the boundary between two dissimilar geomorphological units; the 
mountain region to the east of Nagaoka city and alluvial fans to the west of the city (Figure 4 and 
Figure 6). The previous observations strongly suggest that damage to WSP might have originated 
from strong spatial variations in ground motion rather than absolute values of motion. These 
variations can be explained by pronounced spatial changes in site amplifications arising from 
dissimilar geomorphologies, which are incorporated in our ground motion simulations. 
Following a similar procedure as for roads we performed a geostatistical analysis of our WSP 
network database, which comprise all water systems in Ojiya and Nagaoka cities. We counted the 
total number of 250m x 250m grid cells corresponding to our WSP database, as well as the number 
of grid cells corresponding to damage points to pipelines. We estimated the WSP damage ratio as 
the quotient of damaged to total WSP grid cells counts. In Figure 7 we show the results of these 
calculations sorted by PGV, for bins every 10 cm/s. As mentioned above, bins with less than 20 
WSP grid cell counts were not included in the Figure 7. When exact locations of WSP were not 
available we assumed that WSP grid cells approximately corresponded to the region being supplied 
by the network. From Figure 7 we can observe that the correlation between simulated PGV and 
WSP damage ratio is very poor (correlation coefficient R2=0.04). These results together with the 
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Figure 7  Relationship between Damage ratio to water pipelines and PGV values. The WSP damage ratio 

was calculated as the number of grid cells counts corresponding to damaged WSP divided by the 

total number of WSP grid cell counts. The dataset has been sorted by PGV values for bins every 

10 cm/s. 
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observations discussed for Figure 6, strongly suggest that WSP damage is not highly correlated 
with PGV. An inspection of our database also shows that most of the WSP systems of Nagaoka and 
Ojiya cities experienced PGV values between 30 cm/s and 90 cm/s. 
 
3.3 Relationship between PGV gradient and damage to lifelines 
Damage to road and PGV gradients 
In Figure 8 we show the result of the calculations of simulated spatial distribution of PGV 
gradients in the near-source region of the Niigata-ken Chuetsu earthquake. In the figure we also 
plotted the location of the damage roads as open circles. From Figure 8 we are not able to observe 
a clear correlation between PGV gradients and damage to roads. A possible explanation for this is 
because most of the road damage during the Chuetsu earthquake was produced by the embankment 
and slide failure of the slopes along the roads, as well as liquefaction induced damage at the 

 

 
Figure 8 Simulated PGV gradient values of the 2004 Niigata-ken Chuetsu earthquake (color scale). Open 

circles show damage points to roads during the Chuetsu earthquake. 
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Shinano basin in Ojiya city (Figure 2), which were likely induced by inertial forces from the strong 
ground motions, rather than by the strain of the ground as a result of differential ground motions.  
In order to explore in more detail a possible correlation between PGV gradients and road damage 
we performed a similar geostatistical analysis as done in the previous section, to our road network 
database and PGV gradients distribution. We sorted the total number of 250m x 250m grid cell 
counts corresponding to our road network database as well as the road damage ratios by PGV 
gradients, and plot this information for bins every 0.01X10-3 cm/s/cm for PGV gradients smaller 
than 0.1 X10-3 cm/s/cm, and bins every 0.1 X10-3 for larger PGV gradients (Figure 9). As before 
we do not plot bins with less than 5 road grid cells. Figure 9 shows a fairly good correlation 
between PGV gradients and road damage ratios (correlation coefficient R2=0.94). 
However a comparison between Figures 5 and 9 suggests that road damage has a slightly better 
correlation with PGV than with PGV gradients.  
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Figure 9  Relationship between road damage ratio and simulated PGV gradients. The road damage ratio 

was estimated as the count of grid cells occupied by damaged roads divided by the total count of 

road grid cells.  The dataset has been sorted for bins every 0.01X10-3 cm/s/cm for PGV 

gradients smaller than 0.1 X10-3 cm/s/cm, and bins every 0.1X10-3 for larger PGV gradients 

 
Damage to water pipeline and PGV gradients 
In Figure 10 we locate the damage points to water supply pipelines (WSP) on a map of simulated 
PGV gradients within the Niigata region. This figure suggests a very good correlation between 
WSP damage and PGV gradients. We can observe that most of damage points to WSP perfectly 
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align along stripes of strong PGV gradients, except for a cluster of damage points enclosed by a 
circle in Figure 10. This cluster actually corresponds to points located in a region that experienced 
widespread liquefaction according to our WSP damage database (Figure 3). The observed good 
agreement between WSP damage and PGV gradients may be explained because a line structure like 
a water or gas pipeline suffers damage from the axial or shear strain of the ground along the line 
and this strain is likely generated by out of phase ground vibrations along the structure.  
Following a similar procedure as done for the road network we sorted the total number of 250m x 
250m grid cells counts corresponding to our WSP dataset as well as WSP damage ratios by PGV 
gradients, and plot the results for bins every 0.01X10-3 cm/s/cm for PGV gradients smaller than 
0.1X10-3 cm/s/cm, and bins every 0.1X10-3 for larger PGV gradients (Figure 11). As before we 
calculated the WSP damage ratios as the number of grid cell counts for damaged WSP divided by 

 

 
Figure 10 Simulated PGV gradient values of the 2004 Niigata-ken Chuetsu earthquake (color scale). 

Crosses show damage points to water supply pipelines during the Chuetsu earthquake. 
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the total number of WSP grid cell counts, and we do not plot bins with less than 20 WSP grid cells. 
From Figure 11 we can see a good agreement between PGV gradients and WSP damage 
(correlation coefficient R2=0.77). A comparison between Figure 11 and Figure 7 clearly shows that 
the WSP damage ratio is much better correlated with PGV gradients than with PGV. A similar 
observation can be made by comparing Figure 10 and Figure 8.  
We fitted an equation relating PGV gradients (G, in cm/s/cm) and WSP damage ratio (WDR, in %) 
by using a least squares regression, and obtained the following expression: 
 

log( ) 0.490log( ) 2.76WDR G= +                            (4) 
 
This equation can be used as a WSP damage ratio estimator for past earthquakes as well as scenario 
earthquakes, provided that PGV values have been obtained at an uniform an dense grid cell that 
allows the calculation of G. 
Our results suggest that the simulated PGV gradients for a scenario earthquake can be a very useful 
index for the elaboration of seismic hazard as well as seismic damage prediction maps of 
underground structures such as water supply pipelines. 
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Figure 11  Relationship between the WSP damage ratio estimated as the count of grid cells occupied by 

damaged WSP divided by the total count of WSP grid cells. The dataset has been sorted for bins 

every 0.01X10-3 cm/s/cm for PGV gradients smaller than 0.1x10X10-3 cm/s/cm, and bins every 

0.1x10X10-3 for larger PGV gradients 
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4. DISCUSSIONS AND CONCLUSIONS 
 

We developed a new methodology to estimate damage to lifelines based on the calculation of 
ground velocity gradients, which are obtained from simulated peak ground velocity values (PGV). 
Our ground motion simulation technique is based on a kinematic model of the earthquake source, 
and incorporates a detailed geospatial information of site amplifications. 
We surveyed the damage to national road, principal local road and prefectural road in 
Niigata-prefecture and the damage to water supply pipeline (WSP) in Ojiya and Nagaoka cities, 
and analyzed the distribution of damage based on the simulated PGV, PGV gradients, as well as the 
geomorphologic classification of Niigata prefecture. Our results show that most of the damage to 
roads occurred within a zone with PGV values over 40 cm/s, and the primary factors for road 
damage can be associated to liquefaction and landslides in Nagaoka and Ojiya cities. Our results 
suggest that there is a good correlation between road damage and simulated PGV. 
Our results indicate that the majority of damage points to WSP are located along stripes of strong 
PGV gradients. These gradients are associated with rapid changes in PGV generated at the 
boundary between two dissimilar geomorphologic units; the mountain region to the east of 
Nagaoka city and alluvial fans to the west of the city. Our results show that there is a statistically 
significant correlation between WSP damage and PGV gradients. A possible explanation for this 
strong correlation could be that the damage of an underground structure like the water and gas 
pipelines is due to a severe axial or shear strain of the ground surrounding the structure, generated 
by differential motions of the ground. We also observed that some WSP damage occurred in a 
region that experienced widespread liquefaction. This type of damage deserves further studies as it 
involves a more complicated pipe failure mechanism associated with the nonlinear behaviour of the 
surrounding soil. Our results suggest that the PGV gradient values can be a very useful index for 
damage prediction of underground pipelines in regions without liquefaction.  
Some studies have suggested good correlations between damage to pipeline systems and PGV [3]. 
However these correlations might be biased by the fact that ground motion estimations are typically 
based on an interpolation of observed ground motions recorded by networks with inter-station 
distances of several kilometers, and therefore might overlook the possibility of local variations in 
ground motions. In contrast to this, our study incorporates a dense geospatial information on the 
site amplifications for the ground motion estimation (every 250 m), which as our results 
demonstrate have a large contribution to the spatial variability of ground motion.  
Our study indicates that landslides are the primary reason of damage for roads but a minor source 
of damage for WSP. These results are in agreement with the good correlation we obtained between 
PGV and road damage ratios, as landslides are mainly triggered by absolute measures of ground 
motion, and the strong correlation between PGV gradients and WSP damage, as WSP damage 
mainly originates from differential values of ground motion. 
We derived empirical relationships to predict road and WSP damage ratios from earthquakes, based 
on PGV and PGV gradients respectively. The combined use of these relationships with our strong 
motion simulation methodology is appropriate for estimating lifeline damage scenarios for future 
earthquakes, for specific target regions where knowledge about potential earthquake sources and 
detailed information on the Vs30 distribution within the region are available.  
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