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Abstract
Debris scattering is one of the main causes of road/street blockage after earthquakes
in dense urban areas. Therefore, the evaluation of debris scattering is crucial for
decision makers and for producing an effective emergency response. In this vein, this
article presents the following: (1) statistical data concerning the debris extent of col-
lapsed buildings caused by the 2016 Mw 7.0 Kumamoto earthquake in Japan; (2) an
investigation of the factors influencing the extent of debris; (3) probability functions
for the debris extent; and (4) applications in the evaluation of road networks. To
accomplish these tasks, LiDAR data and aerial photos acquired before and after the
mainshock (16 April 2016) were used. This valuable dataset gives us the opportunity
to accurately quantify the relationship between the debris extent and the geometri-
cal properties of buildings.
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Introduction

In the aftermath of a large-scale disaster, the delivery of relief is one of the most important
tasks for disaster managers. The relief demand must be fulfilled in the shortest possible time.
Therefore, the road network condition plays an important role. The blockage of a road net-
work compromises a proper and efficient evacuation of survivors to safe areas. The long-
term consequences of road blockage include the disruption of customer access, commuting,
and shipping and supply, which greatly affects local businesses and employment.

Information related to the effects of damage on road networks is available. After the
Kobe earthquake, Sato et al. (1996) surveyed companies and employees in the four central
wards of Kobe to study changes in commuting and working patterns. Out of all the respon-
ders, 61.9% and 32.7% cited ‘‘no access’’ and ‘‘partial access’’ to transportation, respectively,
after the earthquake. In addition, the main commuting method changed from ‘‘train’’ (with
66.4%) to ‘‘on foot’’ (35.4%). Gordon et al. (1998) performed telephone interview surveys
and estimated total business interruption losses of $6.5 billion due to the 1994 Northridge
earthquake, of which $1.5 billion were transport-related interruptions. Eshghi and Ahari
(2005) reported on the performance of the transportation system in Bam city after the 2003
Bam, Iran earthquake and pointed out that the earthquake did not cause any collapse of
main roads or any severe structural damage to bridges. However, the debris caused by the
collapse of buildings led to the blockage of some streets and alleys. Scawthorn and Rathje
(2006) summarized the effect of the 2004 Niigata-Chuetsu, Japan earthquake. In the study,
the total cost of damage was estimated at almost $40 billion, of which the main contribution,
$12 billion, was damage to local roads, railways, rivers, and bridges. Maruyama and Itagaki
(2017) summarized the report of the Ministry of Land, Infrastructure and Transport related
to road network damage by the 2011 Tohoku-oki earthquake tsunami, in which the main
damage patterns were roadway cracks, road shoulder collapse, embankment collapse, land-
slide, joint gaps, and asphalt detachment. Miyagi Prefecture was the most severely affected,
with more than 2000 km of road exposed to the tsunami. Roadway cracks and embankment
collapses were reported as the main damage patterns. During Hurricane Harvey in 2017,
many roads that lead out of the affected areas, such as Houston, were flooded, closed, or
damaged due to heavy rainfall (Texas Department of Transportation, 2017).

The Disaster Waste Management Guidelines (UNEP/OCHA, 2011) recommend, as part
of the phase 1: emergency phase, cleaning the main streets within the first 72 h to provide
access for search and rescue efforts and relief provisions. However, according to the
referred guidelines, the disaster waste moved should stay in the emergency area until
appropriate disposal sites have been identified, which belongs to the phase 2: early recov-
ery phase. Due to its evident role in emergencies, special attention has been paid to seismic
road network analysis. As mentioned before, the causes of damage to road networks are
diverse. It was pointed out that the seismic risk assessment of transportation networks in
high-dense urban areas mainly depends on the seismic performance of buildings that may
interfere network links (Argyroudis et al., 2015; Goretti and Sarli, 2006; Zanini et al.,
2017). For instance, The Italian National Seismic Prevention Program assigns the poten-
tial interference of accessibility routes in relation to the height of isolated buildings, the
height of structural aggregates, and the width of the street/road (Dolce, 2012).

Goretti and Sarli (2006) introduced a methodology to compute the seismic road vulner-
ability for urban areas, in which the road failure probability, Pf , depends on the seismic
intensity, I , and the number of building blockages when intensity I affects the road, NbjI .
Further development of the methodology requires the characterization of building
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vulnerability class, T , and probability that a building with vulnerability T will block the
road, P½bjT , I �. Moreover, the computation of P½bjT , I � requires the definition of damage
grades, d, the causes of road failure, k, and the probabilities P½djT , I �, P½kjd, T �, and
P½bjk, T �. Considering that the parameters T , k, and d are discrete variables, P½djT , I � and
P½kjd, T � are expressed in matrices and are evaluated based on the statistical analysis on
Italian post-earthquake surveys. However, such detailed information is often unavailable
in other regions.

Argyroudis et al. (2015) pointed out that the debris width produced by a collapsed build-
ing that is extended further than the initial building’s boundary, hereafter referred to as deb-
ris extent (D), is required for the road blockage assessment. Because of the complexity and
the lack of information, the estimation was based on engineering judgments and assump-
tions. Thus, four simplified geometrical models of collapsed buildings were defined, each
representing a collapse mode. Using such geometrical modes, D is computed as a function
of the initial width of the building, W , the inclination angle of the collapsed building, c, the
ratio between the volume of the building after collapse and the original volume, kv, and the
height of the building, H . An application of the method to Thessaloniki, Greece, was pre-
sented in the referred study, from which the following were observed: The available fragility
function for collapsed buildings did not consider the collapse mode. Thus, one failure mode
was chosen manually for the all study area. The parameter W was assumed constant at
15 m. The parameters c and kv were assumed to follow a normal distribution with means of
45 and 0.5, and coefficients of variation of 30% and 30%, respectively.

Zanini et al. (2017) also pointed out that the quantification of the road area potentially
obstructed by the debris is rather complex to be performed from an analytical model.
Thus, a fuzzy logic system was employed to evaluate the obstructed road width. The fuzzy
model was calibrated from a set of masonry building collapses that occurred in previous
earthquakes. In the referred work, the percentage of obstructed road width due to a col-
lapsed building i, ahbi, was proposed as a function of the road width, Wrs, and the building
height, H . The parameters ahbi and the debris extent, D, provide a similar information in
different formats. For instance, for a collapsed building located beside a road and without
any building in the other side of the road, D = ahbiWrs if ahbi\1; otherwise D.ahbiWrs.
Osaragi and Oki (2017) implemented an integrated simulation model of an earthquake-
induced damage scenario. In their model, the safest assumption was made for the value of
D, that is, the debris extent was considered to be equal to the building height, D = H .

In this article, we aim to improve the estimation of D by performing a precise quantifi-
cation of the debris produced by the collapsed buildings in the 2016 Mw 7.0 Kumamoto
earthquake, Japan. For this purpose, D was quantified using airborne light detection and
ranging (LiDAR) technology and aerial photographs. Then, a statistical approach was
employed to study the possible correlation between the debris expansion and geometrical
features of buildings. Based on the aggregated statistics, probability functions are pro-
posed for the length of D.

The Kumamoto earthquake

On 14 April 2016, an Mw 6.2 earthquake struck Kumamoto Prefecture, Japan, at 21:26
JST (UTC + 9). The epicenter was located at the end of the Hinagu fault at a shallow
depth. After approximately 28 h (at 01:25 JST on 16 April 2016), another earthquake of
Mw 7.0 struck the same area. The epicenter occurred at the Futagawa fault and near the
Hinagu fault (Figure 1). The Futagawa and Hinagu faults are well-known active faults on
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Kyushu Island, Japan. The first and second events were designated as the foreshock and
mainshock, respectively. With 340 aftershocks larger than Mw 3.5 by April 2017, the
Kumamoto earthquake is the inland event that has produced the largest number of after-
shocks in Japan (Japan Meteorological Agency, 2017). The town of Mashiki, which has a
population of approximately 33,000 people, was the most severely affected in terms of
buildings, bridges, and lifelines. According to the Cabinet Office of Japan (2017), a total
of 8697 houses collapsed and 228 casualties occurred as of 13 April 2017.

A series of field investigations, led by the third author, were performed during 15–17
April, 6–7 June, and 3–4 July (Yamazaki and Liu, 2016). Figure 2 shows cases of road
damage due to ground failure. Landslide affected the road network as well (Figure 3), and
one of the biggest landslides occurred in the Kawayo district in Minami-Aso village. The
Aso-Ohashi bridge, which has a span of 206 m and a width of 8 m, fell into the Kurokawa
river due to this landslide (Figure 3a). Figure 4 shows the debris produced by collapsed
buildings. Note that, during the survey on 3–4 July, most of the debris had already been
removed from the roads, but remains in the affected area (Figure 4g and h).

Database

Different types of remote sensing data were used to monitor the effects of the 2016
Kumamoto earthquake (Liu and Yamazaki, 2017; Moya et al., 2017a, 2017b, 2017c;
Yamazaki and Liu, 2016). In this study, the collapsed buildings extracted by Moya et al.
(2017b) are used. A building was classified as collapsed if its damage grade was D5
according to the damage pattern chart proposed by Okada and Takai (2000), that is, one
or more stories of the building disappeared (Figure 4a to f). The collapsed buildings were
extracted from a pair of digital surface models (DSMs) taken before and after the main-
shock and a vector database of building footprints. The DSMs were constructed from the
LiDAR data. Three features were calculated for each building: (1) the average of the

Figure 1. Spatial distribution of collapsed buildings, shown as red marks, used in this study. The inset
shows the location of the study area within Kyushu Island, Japan. The red stars show the location of both
the foreshock and the mainshock. The dashed line depicts the boundary of the ADSM. The black square
marks show the locations of the survey photos shown in Figures 2 to 4.
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differences in elevation between the two DSMs; (2) the standard deviation of the differ-
ences; and (3) the correlation coefficient between the DSMs. These features were calcu-
lated within a vector database modified from the building footprints in order to avoid
errors in the building boundaries. Using the survey data by Yamada et al. (2017), a thresh-
old to separate collapsed and non-collapsed buildings was calibrated.

Regarding the airborne LiDAR data, the Asia Air Survey Co., Ltd. (2016) sent the first
mission to record the affected areas on 15 April 2016, 1 day after the foreshock. A cloud
point with a density of 1.5–2 points/m2 was obtained. Later, the second mission was set
up on 23 April 2016, 7 days after the mainshock. A cloud point density of 3–4 points/m2

was achieved at this time. The area of the second mission is located within the area of the
first mission. Thus, our study is basically in the area of the second mission, which is shown
in Figure 1 as a polygon with a dashed line. The DSMs were obtained after the rasteriza-
tion of the two LiDAR datasets. From now on, BDSM and ADSM will refer to the DSM

Figure 2. (a-e) Illustrations of ground failure in roads. Photos taken during the survey on 3 July 2016.
The locations of the photos are shown in Figure 1.
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obtained before and after the mainshock, respectively. Both DSMs have a data spacing of
50 cm and are registered in the Japan Plane Rectangular Coordinate System.

Moya et al. (2017b) performed an automatic procedure to extract collapsed building, and
although a high accuracy was achieved, there were misclassifications in their results. An auto-
matic procedure to extract damaged regions right after a natural disaster is very important for

Figure 3. (a) Collapse of a bridge and (b) landslide. Photos taken during the survey on 3 July 2016, and
their locations are shown in Figure 1.
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producing a quick response and recovery. For a quick response, there is mostly a trade-off
between automation and accuracy. However, our purpose here is to precisely quantify D caused
by collapsed buildings. Thus, a first filter was performed before the quantification of D. The fol-
lowing buildings were removed from the collapsed building database:

Figure 4. (a–f) Illustrations of roads blocked by collapsed building. Photos were taken during the survey
on 15–17 April. (g, h) Photos taken during the survey on 3–4 July. Examples of roads cleaned for
accessing purposes. Note that the debris have only been removed from the roads. The locations of the
photos are shown in Figure 1.
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Misclassified collapsed buildings. These refer to non-collapsed buildings classified as col-
lapsed during the automatic classification performed by Moya et al. (2017b).
Furthermore, during the automatic classification, some buildings that had already col-
lapsed during the foreshock were also extracted due to the perturbation of their debris
during the strong ground motion of the mainshock. Those buildings were removed as
well because it was not possible to quantify their debris using the procedure explained
in the next section.
Collapsed buildings obstructed by neighboring buildings. The reason for this decision was
that the natural pattern of debris expansion was probably affected by the neighboring
buildings (Figure 5c and d). Therefore, more bias would be introduced rather than
making a meaningful contribution to the aggregate statistics.
Collapsed buildings for which debris was not quantifiable. The affected area has patches
of grass, plants, and trees, and thus, in several cases, these features hide the debris pro-
duced by collapsed buildings (Figure 5b). Therefore, it was decided not to include these
buildings.

This first screening was performed by visual inspection using the DSMs and the aerial
photos. After filtering the types of buildings mentioned above, a total of 1099 buildings
were selected (Figure 5a). The spatial distributions of the selected buildings are shown in
Figure 1. The selected buildings are mainly located in Mashiki town and parts of
Kumamoto city, Kashima and Mifune towns. The next issue to address was the improve-
ment of the vector database of building footprints used in Moya et al. (2017b). The build-
ing footprint vector dataset was provided by the Geospatial Information Authority of
Japan (GSI). Figure 6a shows a close-up of the BDSM where the vector data of a building
footprint can be observed. There is not a perfect match between these two datasets.

Figure 5. Scheme of the selection of samples. (a) The debris spread toward a free area, and thus it was
used for the statistical analysis. (b) The debris spread toward a highly dense vegetation area, in which
LiDAR did not reach the debris. (c) The debris spread was disrupted by a neighbor building. (d) The
debris spread was mixed with debris from other collapsed buildings. Samples of the type (b), (c), or (d)
were neglected for the statistical analysis.
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Therefore, another preprocessing step was required: First, the vector data were rasterized
(Figure 6b) and then shifted iteratively around the center in order to evaluate the level of
matching with the BDSM. The level of matching was estimated using the correlation coef-
ficient. Figure 6c shows the correlation coefficient calculated from different shifts of the
footprint. Here, the location of the largest value with respect to the center of the image
represents the distance that must be applied to the building footprint in order to match
the BDSM (Figure 6d). This automatic procedure was applied to the selected buildings.
The results were verified by visual inspection and were corrected if necessary.

Debris extent of collapsed buildings

The length of D was quantified from the DSMs (Figure 5a). Figure 7a and b shows the
BDSM and ADSM, respectively, of the same building shown previously. After the main-
shock, it is observed that the building has collapsed to southwest. The DSMs give the
opportunity to measure the debris extent with a high precision, which has not been done
before. However, the use of LiDAR to measure the volume of debris in roadways has been

Figure 6. (a) BDSM and original footprint of a collapsed building; (b) raster presentation of the original
building footprint; (c) correlation coefficient between the BDSM and building footprint shifted in several
directions; (d) BDSM and updated building footprint. The color bars in (a) and (d) show the elevation in
meters.
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reported elsewhere (Axel et al., 2016). The LiDAR data show clear advantages compared
to the aerial photos. Although the spatial resolution is lower than the aerial photos, the
precision in elevation is at the centimeter level, which is crucial in detecting debris. In addi-
tion, aerial images contain geometric distortions, and thus using these images to quantify
the debris expansion would introduce some errors. Figure 7c shows the differences in ele-
vation between both DSMs. Here, the highest values depict the direction to which the deb-
ris has spread, and the lowest value shows the opposite side. In order to extract the debris,
an image threshold was applied in which differences in elevation greater than or equal to
50 cm are set equal to 1; otherwise, these values are set to 0. Figure 7d shows the debris
distribution.

For the quantification of D, polygons parallel to the footprint at distance intervals of
50 cm were drawn. Profiles such as that shown in Figure 8 were prepared for each building.
Although not shown in Figure 8, parallel polygons until a distance of 9.5 m were drawn.
For ease of visualization, the debris outside the polygons was removed. It is now clear that
the debris extent was 3.5 m for this sample building. The length of D for the 1099 buildings
was measured manually with the aid of these profiles. Then, a second filter was applied at

Figure 7. (a) BDSM and updated building footprint; (b) ADSM and updated building footprint; (c)
difference between the DSMs (ADSM – BDSM); (d) binary image where a pixel is set to 0 if the
difference between both DSMs is less than 50 cm; otherwise, the pixel is set to 1 ((ADSM – BDSM) ø

0.5 m). The units of the color bars in (a) to (c) are in meters.
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this stage. The number of reinforced concrete and steel buildings within the study area was
small, and thus a statistical analysis was not possible. Therefore, concrete and steel build-
ings were removed from the analysis. Finally, 851 wooden buildings were selected for fur-
ther analysis.

Figure 9 shows the scatter plots of D with respect to a few geometrical features of build-
ings. Each mark represents a measurement for one building. As can be observed, D was
measured in intervals of 50 cm. In order to visualize where the samples are clustering, the
color mark depicts the point density of samples with an equal value of D. The density was
estimated using Gaussian kernels (Scott, 1992). The scatter plots show the absence of lin-
ear correlation between D and the building footprint area (Figure 9a) and the building
aspect ratio (Figure 9b). The building aspect ratio was calculated as the ratio between the
lengths of the shortest and longest sides of a building footprint. Building height (H), how-
ever, shows a moderate correlation with D (Figure 9c). This observation was expected
because previous studies used building height as the major parameter. For instance, in the
conservative estimation proposed by Osaragi and Oki (2017), an equation to calculate the
debris height h0 at a given distance from the building boundary w was presented:

h0 = (0:32H + 0:853) 1� w

H

� �
: ð1Þ

The Osaragi and Oki relationship between H and w for h0 = 50 cm is plotted in Figure 9c
as well. As expected, the estimations from Equation 1 are conservative compared with our
measurements. However, both show a similar trend.

Probability functions for debris extent

As stated previously, the spatial distribution of the debris produced by a collapsed building
is very complex, and thus it was not possible to propose a probabilistic model on the basis
of the physical characteristics of the phenomena. Thus, the reader must be aware that this
section aims to summarize the available data using smooth mathematical functions. With
this purpose, a closer view of the samples is depicted in Figure 10. Here, histograms of sev-
eral subsets constructed according to the building height are shown. The subsets were

Figure 8. Polygons parallel to the building footprint and separated by distances at intervals of 50 cm.
The spatial distribution of debris within the polygons is also shown.
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binned by intervals of 2 m. Two main characteristics were observed: First, the fraction of
buildings with D = 0 generates a spike in the distribution. Such fraction tends to decrease
with the increasing building height. Second, samples with D.0 are distributed in a rather
smooth shape. The solid line shown in Figure 10 is a Gaussian function fitted from sam-
ples with D.0. Because of the spike observed at D = 0, it was decided to break the

(a) (b)

(c) (d)

Figure 9. Scatter plot of the debris extent, D, and some building geometrical features: (a) D versus
building footprint area; (b) D versus building aspect ratio; (c) D versus building height, where the debris
extent is a discrete variable that is multiples of 50 cm; (d) number of samples corresponding to each
discrete value of D. The mark colors represent the kernel density estimated using Gaussian kernels of
samples with the same value of D. The relationship height versus D assumed in the work of Osaragi and
Oki (2017) is depicted in (c) as a solid black line. The correlation coefficient, r, is shown in the top left
for each plot.
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distribution into two parts (McGuire, 2004): the fraction of collapsed buildings with no
debris extent and the fraction of collapsed buildings that produced the debris extent.

Regarding the samples with D.0, it is assumed that D is a random variable normally
distributed with mean varying linearly with H and with uniform variance. The sample size
is n = 738. The mean value and the variance were obtained by the least squares method:

mh = bh + a = 0:31h + 1:10, ð2Þ

s = 1:11, ð3Þ

where h denotes a particular realization of the random value H . The variance of the slope
b shown in Equation 2 is computed as follows:

s2
B =

s2

ns2
H

=
1:11h2

73832:211
= 0:00075, ð4Þ

where s2
H is the variance of the building height. The value sB is required to test whether

there is a significant dependence of mh on h. To this end, the null hypothesis is assumed.
That is, the true slope in the linear relation is zero (i.e. b = 0). For this case, the accepted
interval for the estimated slope at the 10% significance level is

� t0:05, n�2sB<B<t0:05, n�2sB

(� 1:647)(0:0274)<B<(1:674)(0:0274)

� 0:045<B<0:045,

ð5Þ

where t0:05, n�2 is the value at which the t cumulative distribution function, with n� 2

degrees of freedom, equals 0.95. Since our estimated slope b = 0:31 lies outside the interval
60:045, we reject the null hypothesis, that is, there is a significant dependence of mh on h.
Figure 11a shows the linear relation between mh and h. The limits of mh6sh and the 90%
confidence of mh are depicted as well. At this stage, the probability that D = d adding the
condition that D.0 can be expressed as

P½D = djD.0 AND H = h AND collapse�= 1ffiffiffiffiffiffiffiffiffi
2ps
p exp � (d � mh)2

2s2

� �
: ð6Þ

Regarding the collapsed buildings with D = 0, Figure 11b shows the fraction of samples
with D = 0 within subsets binned by their height at intervals of 1 m. An exponential func-
tion is fitted to represent the observations. It is worth mentioning that the fraction of the
bin 9:5\h<10:5 was not used during the fitting because of the low number of samples in
this bin. Then, the probability of D = 0 is expressed as follows:

P½D = 0jH = h AND collapse�= 1:5e�0:43h: ð7Þ

And its complement represents the probability of D.0 as follows:

P½D.0jH = h AND collapse�= 1� 1:5e�0:43h: ð8Þ

The probability that D = d is defined using Equations 2, 3, and 6 to 8 as follows:
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P½D = djH = h AND collapse�=
1:5e�0:43h, d = 0

(1� 1:5e�0:43h) 1ffiffiffiffiffiffiffi
2ps
p exp � (d�mh)2

2s2

h i� �
, d.0

(
: ð9Þ

A useful parameter for the risk analysis of roads might be the probability that the debris
extent will exceed certain value, D.d:

P½D.djH = h AND collapse�=
ð‘
d

P½D = xjH = h AND collapse�dx: ð10Þ

The differential term dx on the rightmost side of Equation 10 should not be confused
with the debris parameter d. Figure 11c shows the probability of exceeding d for different

(a) (b)

(c)

Figure 11. (a) Linear regression between building height (H) and the debris extent (D) for samples
with D.0. The blue solid line denotes the linear relation between mh and h obtained from the least
squares method, the red dashed lines depict the limits of mh6s, and the green dashed-dot lines depict
the 90% confidence limits of mh. (b) Ratio of collapsed buildings with zero debris extent for different
ranges of H. The number of samples with D = 0 and the total number of samples are reported for each
bin. The solid line denotes an exponential function fitted from the observations. (c) Probability that a
collapsed building of a given height h produces a debris extent greater than d.
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building heights. Notice that P½D.djH = h AND collapse� increases with the increasing
building height h.

Applications

Probability of road blockage

To better clarify the usefulness of these probability functions in the context of seismic risk,
the evaluation of a simple road was performed. Let us assume the existence of a road sur-
rounded by only three wooden buildings of 7 m height and 8 m width (see Figure 12). For
the sake of simplification, and to avoid the definition of damage levels on roads, only the
probability that the road will be blocked was evaluated. A blockage of a road was assumed
when the debris extended for more than a half of the road width. Thus, according to
Figure 12, the probability that a building will produce debris with a length larger than
2.5 m needs to be calculated. Recall that Equation 10 was defined using the sample space
of collapsed buildings, which is a subsample of all buildings. Therefore, the probability
that a building will collapse is required.

Fragility curves are used to estimate the probability of a building collapse (Porter et al.,
2007). Generally, a fragility curve for a damage state dm is defined as the probability that
an asset reaches or exceeds damage dm under a particular engineering demand parameter
(EDP) value. Empirical fragility curves constructed for buildings in Japan have been pro-
posed in previous studies (Horie et al., 2004; Yamazaki and Murao, 2000). Fragility func-
tions are usually represented by a lognormal cumulative distribution function:

Fdm(edp) = F
ln (edp)� l

bf

 !
, ð11Þ

where F is the standard normal cumulative distribution function, l is the logarithmic med-
ian value, and bf is the logarithmic standard deviation. According to the buildings’ perfor-
mance, a different set of fragility curves can be created for different construction materials
and construction periods. For our example, the fragility curve for collapsed buildings pro-
posed by Horie et al. (2004) was employed. Here, the peak ground velocity (PGV) is used

Figure 12. Case study of a road surrounded by three wooden buildings of 7 m height. The road has a
width of 3 m and is at a distance of 1 m from the building facade. It is assumed that the buildings were
constructed in between 1972 and 1981.
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as the EDP. Table 1 shows the values of l and bf for wooden buildings of different con-
struction periods. Assuming an event that produced PGV = 170 cm/s in the case study
and considering that the three wooden houses were built within the period of 1972–1981,
the probability of collapse becomes

Fcollapse(PGV = 170) = 0:185: ð12Þ

The probability that a collapsed building will produce debris with a length greater than
2.5 m is

P½D.2:5jH = 7 AND collapse�= 0:700: ð13Þ

Finally, the probability that the building will block the road (B) and its complement
(Bc) are

B = (0:185)(0:700) = 0:129, ð14Þ

Bc = 1� 0:127 = 0:871: ð15Þ

Let us now evaluate the different road blockage scenarios. The first column of Table 2
shows all the possible road blockage scenarios according to the outcomes of the three
buildings. The second column shows the probability of occurrence for each scenario, and
the variables are considered to be independent, that is, for example, the probability that
the second building will block the road given that the first building blocked the road is still
B. From the second column, the probability that the road will be blocked is calculated as
(1� BcBcBc) = 0:340. The probability of blockage for N buildings with the same properties
and spatial configurations as the buildings used in the example is shown in Figure 13a.

Consider a cost of L for removing a meter of blocked road due to debris. The cost
required for each scenario is shown in the third column of Table 2. Here, the assumption
that the debris width is equal to the building width was made. The expected cost can be
calculated as the sum of the products between the probability of occurrence and their

Table 1. Parameters of fragility functions for wooden buildings (Horie et al., 2004)

–1945 1946–1955 1956–1960 1961–1964 1965–1971 1972–1981 1982–1994

l 4.69 4.83 4.93 5.03 5.24 5.62 6.52
bf 0.39 0.37 0.41 0.45 0.54 0.54 0.81

Table 2. Probability of road blockage scenarios

Scenario Probability of occurrence Repair cost (units of L) Expected cost (units of L)

BcBcBc (0:871)(0:871)(0:871) = 0:660 0 0:000
BcBcB (0:871)(0:871)(0:129) = 0:098 8 0:785
BcBBc (0:871)(0:129)(0:871) = 0:098 8 0:785
BcBB (0:871)(0:129)(0:129) = 0:015 16 0:234
BBcBc (0:129)(0:871)(0:871) = 0:098 8 0:785
BBcB (0:129)(0:871)(0:129) = 0:015 16 0:234
BBBc (0:129)(0:129)(0:871) = 0:015 16 0:234
BBB (0:129)(0:129)(0:129) = 0:002 24 0:052
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respective cost, both of which are shown in Table 2 as well. Thus, the expected cost for our
simple road under a demand of 170 cm/s is 3.05L. Recall that the expected cost does not
coincide with any actual cost that might occur. However, there are two good reasons for
evaluating the risk in terms of loss (Erto et al., 2016): First, this approach provides a

(a)

(b)

Figure 13. (a) Probability of road blockage for N buildings with characteristics similar to those shown
in Figure 12 and placed on one side of a road; (b) expected cleaning cost of the road due to debris as a
function of the PGV.
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consistent way of treating the available information, and second it allows for a comparison
with the risk of other consequences of the earthquake. Therefore, this method is very use-
ful when risk management strategies are employed. In addition, it is possible to create pro-
files of an expected cost for a range of demand levels, such as that shown in Figure 13b.

Synthetic scenarios

In the previous section, the risk analysis of a road was performed by analyzing all of the
possible scenarios of road blockage. However, this approach is applicable only for the sim-
plest situations. The evaluation of isolated roads provides an estimation of its perfor-
mance. However, risk analysis of the complete road network in terms of connectivity,
capacity, and integrated loss estimation is more important. Obviously, because of the com-
plexity of this task, evaluating all of the possible scenarios turns out to be inadequate.
Under this situation, Monte Carlo simulations are perhaps the only way to conduct an
analysis of road networks. Monte Carlo simulation has been used previously to simulate
damage probability matrices, fragility curves, and vulnerability functions (Barbat et al.,
1996). This approach is straightforward. The value of D is estimated from random num-
bers generated using a distribution calculated from Equations 2, 3, and 9. For that pur-
pose, it is necessary to simulate the collapse/non-collapse behaviors of buildings first.
Therefore, the spatial distribution of the demand and a database of buildings with infor-
mation regarding the construction year and material of the structural system are required.

From hundreds or thousands of synthetic scenarios, it is possible to perform a probabil-
istic analysis of several issues, including the accessibility of specific targets, global expected
cost, recognition of the most vulnerable areas, and relief distribution. Furthermore, these
synthetic scenarios can be used to perform a more realistic simulation of evacuations of
survivors and relief distribution (Das and Hanaoka, 2014; Mas et al., 2015; Nadi and
Edrisi, 2017). As mentioned, the model for generating synthetic debris expansion must be
implemented in a larger framework in which the damage states and the spatial distribution
of the demand are included. This study is out of the scope of this article and will be
addressed in a future study.

Discussion and conclusion

Using a pair of LiDAR datasets, aerial photos, and building footprint inventory data, in
this article, the debris extent, D, produced by a wooden collapsed building was measured.
The importance of D lies in that it is the main parameter used in methods proposed else-
where to infer the post-earthquake functionality of road networks in urban areas.
However, in previous studies, D has been estimated from simplified geometrical models,
expert judgments, and/or observations occurred in earthquakes. This article represents the
first time LiDAR data were used to quantify D, which provided an unprecedented oppor-
tunity to perform such measurements with a high accuracy. From the measurements,
probability functions of D for wooden collapsed buildings in Japan were proposed. Thus,
the proposed probability functions can contribute to estimate the interaction between the
functionality of the road network and residential buildings.

After a selection process, a significant number of collapsed wooden buildings (851) were
inspected, and their debris extents were carefully quantified, following theMw 6.2 andMw
7.0 events on, respectively, 14 and 16 April 2016, at the Kumamoto Prefecture, Japan.
This study yielded the following findings: (1) A moderate correlation between the building

Moya et al. 227



height and the debris extent was observed. (2) The debris extent seems to have a Gaussian
distribution. However, a fraction of the buildings did not produce debris. (3) The fraction
of buildings without debris extent decreases when the building height increases. Based on
these observations, probability functions for the debris extent were proposed. We believe
that these results have some significance, and a simple case was evaluated in order to
demonstrate its use. Furthermore, we identified that the proposed functions can contribute
to constructing synthetic scenarios in which the debris extent can be modeled more
realistically.

Additional details are necessary here regarding the selected collapsed buildings. The
main goal was to select buildings for which the collapse patterns were not affected by any
factors other than their own performance. Our main concern was the effects of the neigh-
boring buildings. It would be desirable to isolate the study to buildings that are not closely
located to other buildings. However, the number of buildings would have decreased signif-
icantly when performing the statistical evaluation. Therefore, it was decided to use all of
the collapsed buildings for which the debris extent did not encounter any obstructions. We
are not claiming that the effects of neighboring buildings were completely removed; how-
ever, decisions were made to reduce these effects to the minimum level. Moreover, we used
the collapsed buildings extracted automatically by Moya et al. (2017b) from LiDAR data-
sets. From visual inspection, the non-collapsed buildings that were classified as collapsed
were removed. However, the collapsed buildings classified as non-collapsed by Moya et al.
(2017b) were not used in this study because of the effort it would require to visually verify
these buildings among the thousands of non-collapsed buildings. We believe that there
were only a small number of undetected collapsed buildings, and thus these buildings
would not affect the statistical results.

It is highly probable that information of building failure mode would be strongly corre-
lated with the debris extent. Unfortunately, from the LiDAR data, the characterization of
building failure mode following current standards such as the EMS-98 was not viable.
However, it should be noted that if the debris extent as a function of building failure mode
would be available, its application for urban road network functionality assessment would
require the probability of collapse under a specific failure mode, which is not often avail-
able. Fragility curves for collapsed buildings without considering the failure mode are more
often available. It might be possible to correlate the building date of construction with the
debris extent, but such information was not available as well. Material type should also be
correlated with the debris extent, and therefore the probabilistic model proposed in this
study applies only to wooden buildings.

Regarding the evaluation of a simple road, the conservative assumption that the debris
direction was toward the road was made. In reality, this is not strictly necessary. However,
debris tends to move toward the free sides of a building, and the buildings next to the road
generally have two or three sides obstructed by neighboring buildings. The probability of
blockage and the expected cost might be lower than our estimation if the debris directions
were considered. Recall that this conservative assumption has also been made by the stud-
ies mentioned in the introduction. Another simple parameter used was the unit cost to
remove the debris from the road, L. It may be necessary to consider additional informa-
tion, such as the expected weight of the debris and the transportation to a disposal site.
However, this information varies according to the strategy of the decision makers. For
instance, it was observed that within the early response the priority was to allow access
and thus the debris was placed beside the roads, as can be observed in Figure 4g and h.
Furthermore, if the reader is interested in reproducing the exercise with a more realistic
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case, it is important to note that additional steps are necessary for cases in which buildings
are located along both sides of a road. In this case, the probability that a building will
block the road is no longer independent. For instance, assume the case in which a pair of
buildings is located on both sides of a building and in which one is in front of the other.
With D1 and D2 representing the debris produced by the two buildings, the probability that
the road will be blocked at the location of these buildings is the probability that D1 + D2

will exceed some percentage of the road width. There is a body of literature that deals with
the sum of two random variables (for instance, Benjamin and Cornell, 1970).

This article focuses on road blockage due to building debris. However, accessibility to
road networks after disasters depends on several other factors, such as damage to bridges
(Yamazaki et al., 2000), ground failure, and landslides. Argyroudis et al. (2015) present a
summary of all the possible sources of road blockages. Therefore, our outputs must be
used within an integrated framework in which all of the possible types of damage that
might induce road network blockage are included.
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