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ABSTRACT

This study aims at quantifying the influence on the traversability of road network of road network
caused by building collapse in earthquake. To this end, an analysis method on post-earthquake
traversability of road network considering building collapse is proposed. First, the time-history
analysis of seismic response based on the multi-degree of freedom (MDOF) model is performed for
regional building groups, so that collapsed buildings could be determined. Subsequently, the impact
ranges of collapsed buildings are calculated based on a probabilistic model of debris distributions.
Finally, the analysis algorithm of the traversability of road network is designed based on the impact
ranges, and therefore the solution to determining optimal rescue paths is also designed by using a
geographic information system (GIS) platform. Taking a university campus as case study, the
influences on the traversability of road network due to building collapse is analyzed in a virtual
earthquake scenario. The results of case study indicate that building collapse alters the optimal rescue
path, which has a significant influence on the post-earthquake emergency responses. This study can
assess the influence on the post-earthquake traversability of road network due to building collapse, and
help cities reasonably respond to the post-earthquake traffic.

doi: 10.5829/ije.2019.32.11b.10

1. INTRODUCTION

When a city suffers a strong earthquake, collapsed
buildings [1] may block roads and thus affect on the
traversability of road network. Note that the post-
earthquake traversability of road network is critical for
the decision-making of emergency responses (e.g.,
rescue or evaucation) of a city [2]. For example, the
optimal post-earthquake rescue path to an important
building may be totally different with the normal
situation. A wrong dicision on the path would seriously
delay the resuce. Therefore, an analysis method on post-
earhquake traversability of road network considering
building collapse is very necessary.

The post-earthquake traversability of urban road
network has been investigated by many scholars [3, 4].
For example, Sakakibara [4] proposed a topological
index method to quantify the robustness road network
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which experienced severe damage in earthquake.
Among the above existing research, the influence of
building collapse has been considered by some scholars
[5, 6]. Argyroudis et al. [5] proposed an integrated
approach for the probabilistic systemic risk analysis of a
road network considering spatial seismic hazard, by
which the potential of road blockages due to collapses
of adjacent buildings in earthquakes was analyzed.
Nishino et al. [6] proposed the obstruction probability
model of a road based on an assumed triangular
distribution, by which the range of fallen debris due to
building collapse can be predicted. However, how to
determine collapsed buildings is not fully considered in
the existing research.

The existing research has provided many
theoretical approaches [7-11] for seismic damage
simulations.  High-fidelity urban seismic damage
simulations can accurately predict the distribution of
collapsed buildings, which can be used for the post-

Please cite this article as: Z. Xu, W. Jin, M. Zheng, An Analysis Method on Post-earthquake Traversability of Road Network Considering
Building Collapse, International Journal of Engineering (IJE), IJE TRANSACTIONS B: Applications Vol. 32, No. 11, (November 2019) 1584-

1590




Z.Xu etal. / IJE TRANSACTIONS B: Applications Vol. 32, No. 11, (November 2019) 1584-1590 1585

earthquake traversability analysis of road network. Lu
and Guan [12] has proposed a multi-degree of freedom
(MDOF) model for high-fidelity urban seismic damage
simulations, which can predict the seismic damage of
each story of each buildings [13].

Compared with the shortage for determining
collapse buildings in the existing research, this study
can determine the detailed distribution of collapsed
buildings in an urban area by using the high-fidelity
urban seismic damage simulations based on the MDOF
model. Therefore, a complete and accurate method on
post-earthquake traversability analysis of road network
considering building collapse is proposed. Taking a
university campus for example, the influences on the
traversability of road network due to building collapse is
analyzed in a virtual earthquake scenario, and the
optimal path from campus entrances to a playground
shelter is determined.

2. RESEARCH METHODOLOGY

2. 1. Framework The proposed analysis method
on post-earthquake traversability of road network
considering building collapse includes four main steps,
as shown in Figure 1.

Step 1. a high-fidelity urban seismic damage
simulation is performed using the MDOF model, to
predict the distribution of the collapsed buildings.

Step 2: the impact ranges of collapsed buildings are
analyzed based on a probabilistic model of debris
distributions.

Step 3: the traversability of road network is analyzed
on a geographic information system (GIS) platform.

Step 4: the optimal rescue path is determined
according to the post-earthquake traversability of road
network.

Detailed technical methods in each main step will be
described in the following sections.

Step 1: High-fidelity Urban Seismic Damage Simulation
» Create the MDOF models
# Parallel computing

L »# Obtain collapsed buildings ’—|'/

Step 2: Analysis on Impact Ranges of Collapsed Buildings
¥ Obtain the heights of collapsed buildings
# Calculate the probabilities of impact ranges
_ » Determine the impact ranges J |7

/Step 3: Traversability Analysis of Road Network
» Create the models of road and buildings in GIS
# Determine the traversability criterion
» Create the buffers of impact range
\ » Overlay analysis on traversability
It

Step 4: Determination of Optimal Rescue Path o
# Define traversability parameters
» Determine the criterion of optimal rescue path
» Analysis on optimal rescue path

Figure 1. Flowchart of the proposed method

2. 2. High-fidelity Urban Seismic Demage
Simulation
2. 2. 1. Create the MDOF Models In
earthquakes, the vast majority of collapsed buildings are
masonry or reinforced-concrete (RC) frames structures
with one or multiple stories [14]. Thus, a nonlinear
MDOF shear model (as shown in Figure 2) is adopted.

A trilinear backbone curve is used herein to simulate
the inter-story nonlinear properties (Figure 3a) because
it can accurately represent the inter-story behavior of a
structure with acceptable modeling complexity and
computational accuracy. In addition, a single-parameter
hysteretic model proposed by Steelman and Hajjar [15]
is adopted herein (Figure 3b), because it requires limited
amount of detailed building information.

The nonlinear MDOF model requires only several
general characteristics of a building (i.e., function of the
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Figure 2. Concept of the nonlinear MDOF shear model
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building, structural type, construction year, area,
building height, and number of stories), which greatly
simplifies the modeling effort of large number of
regular buildings in a region. According to the above
general characteristics [12], the MDOF models can be
created for seismic damage simulation.

2. 2. 2. Parallel Computing Seismic simulation
involving hundreds and thousands of buildings in a city
is a computationally challenging problem. The graphics
processing units (GPUs) are employed to perform a
parallel computing of the simulation based on the
MDOF model [16], which can accelerate the seismic
damage simulation with thousands of buildings.

2. 2. 3. Obtain Collpsed Buildings The above
simulation can output collapsed buildings [17]. In
addition, the distribution of collapsed buildings can be
visualized by in realistic 3D way [17].

2. 3. Analysis on Impact Ranges of Collapsed
Buildings

2. 3. 1. Obtain the Heights of Collapsed Buildings
For any collapsed building, the height (denoted as H)
needs to be obtained.

2. 3. 2. Calculate the Probalitied of Impact Ranges
Based on the investigations of the Great Hanshin
earthquake, Nishino [6] proposed a probabilistic model
of debris distributions caused by collapsed buildings, as
shown in Figure 4.

The debris width w is described by the following
triangular distribution, whose minimum a, maximum b,
and mode c are defined as H/8, H/2, and H/4,
respectively. Thus, the exceedance probability p;, which
is the probability for whether the location with a
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Figure 4. Impact range caused by collapsed buildings [6]

distance of | from the building boundary is covered by
the debris, can be expressed as the following Equation

-

17% (a<l<c)
p=1-P(w<l)= b2 (€h)

# (c<l<h)

(b-a)(b-c)

According to Equation (1), the maximum and
minimum impact ranges caused by the collapsed
buildings are H/2 and H/8, respectively; while, the
average range (i.e., pi = 50%) is 0.23H.

2. 2. 3. Determine the Impact Ranges Generally,
the average impact range is recommended for analysis
on road blockage. Nevertheless, the maximum impact
range (i.e., w = H/2) is adopted in the case study of this
work, to highlight the influence on the traversability of
road network due to building collapse.

2. 4. Traversability Analysis of Road Network

2. 4. 1. Create the Models of Road and Buildings
in GIS As a widely used GIS platform, ArcGIS is
adopted in this study. The models of buildings and road
network are created in ArcGIS, respectively.

Step 1: According to the satellite images of urban
areas, draw the footprints of buildings using the polygon
function in ArcGIS.

Step 2: Input the corresponding attribute information
(e.g., structural types and heights) of the building
footprints by using the function of attribute table in
ArcGIS.

Step 3: Draw the road network according to the
satellite images of urban areas, by using the line
function in ArcGIS.

Step 4: Divide the road network into different
segments by breaking crossed lines in ArcGIS.

Step 5: Input the corresponding attribute information
(e.g., width and length) of the road segments by using
the function of attribute table in ArcGIS.

2. 4. 2. Determine the Traversability Criterion
With the assumptions that the width of the road is r and
the distance from the building boundary to the road
boundary is d, if the impact range w is smaller than d,
the collapsed building has no influence on the road (i.e.,
normal state); if the impact range w is greater than d but
not beyond the half width of the road (i.e., r/2), the
traversability of the road is limited (i.e., limited state); if
w is beyond the half width of the road, the road is
thought to be blocked (i.e., blocked state). The above
criterion for determining the road traversability can be
presented in the following Equation (2):
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Normal, if w<d
Limited, if d<w<d+r/2 2
Blocked, ifd+r/2<w

2. 4. 3. Create the Buffers of Impact Range
The buffer areas of the impact ranges of collapsed
buildings are created for the following overlay analysis,
by using the buffer function of in ArcGIS.

2. 4. 4. Overlay Analysis on Traversability The
buffer areas of impact ranges and the road widths are
used to perform an overlay analysis (see Figure 5).
Based on the overlay analysis and Equation (2), the
traversability of the road network can be determined in
ArcGIS.

2. 5. Determination of Optimal Rescue Path

2. 5. 1. Define Traversability Parameters  The
road network is made of many road segments and each
segment has its attributions (e.g., distance and travel
speed). For a normal road segment, its distance and
travel speed is also normal; for a limited road segment,
its distance does not change but travel speed is reduced
to one third of the original value; for a blocked road
segment, its distance is thought to be infinite and its
speed is set to be zero.

2. 5. 2. Determine the Criterion of Optimal
Rescue Path  The minimum travel time is thought to a
criterion for the optimal rescue path.

2. 5. 3. Analysis on Optimal Rescue Path
According to the above definitions, the optimal rescue
path can be determined by using the Network Analyst
function in ArcGIS.

3. RESULTS AND DISCUSSIONS

3. 1. Introduction of Case Study A typical
Chinese university campus is selected herein. The
campus covers an area of 389.4 ha with more than 600

-
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Figure 5. Overlay analysis between impact ranges and roads

buildings with different structural types. The models of
buildings and road network are created in ArcGIS
according to the proposed method in this study.

3. 2. Seismic Damage Simulation Assuming that
the campus is hit by an earthquake, the ground motion
of 1999 Chi-Chi earthquake is employed. Note that the
peak ground acceleration (PGA) of the ground motion is
aggregated to 800 gal to highlight the influence of the
collapsed buildings caused by the earthquake.

By using the MDOF model, the high-fidelity seismic
damage of all the buildings in this campus is simulated
and the collapsed buildings are determined, as shown in
Figure 6.

3. 3. Traversability of Road Network  The impact
range of the collapsed buildings can be determined
according to the recommended debris distribution model
by this study. Based on the proposed method in this
work, the post-earthquake traversability of the road
network in the entire campus can be analyzed, as
presented in Figure 7.
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Figure 6. The high-fidelity building seismic damage of the
campus
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Figure 7.'Traversabirlity of the road network in the campus
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3. 4. Optimal Rescue Path To analyze the
influence on the optimal rescue path due to the road
traversability, a comparison of optimal rescue path
before and after the earthquake is performed. As
demonstrated in Figure 8, a playground is assumed as an
emergency shelter and the west and southwest gates of
the campus is the entrance for this shelter. Through the
proposed method in this study, the optimal rescue paths
from the gates to the shelter before and after the
earthquake are calculated, respectively, as shown in
Figure 8.

3. 5. Discussions The results indicates the post-
earthquake traversability of road network can alter the
optimal rescue path, which has a significant influence
on the post-earthquake emergency responses. Before the
earthquake, Figure 8a indicates that the optimal rescue
path is from the southwest gate to the playground,
because the southwest gate is much nearer than the west
gate. However, after the earthquake, the optimal rescue
path becomes from the west gate to the playground (see
Figure 8b). This is because the roads from the near
southwest gate to the playground are blocked by the
collapsed buildings. If without the analysis result of this
study, the normal path in Figure 8a would be generally
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Figure 8. The optimal rescue path before and after the
earthquake.

selected. As a result, this path would be unreachable,
leading to extensive delays for rescue. In contrast, with
the assistance of the analysis result of this study, an
optimal rescue path would be selected, which could
avoid the influences of collapsed buildings.

Besides, the post-earthquake optimal rescue path
gets longer due to the influence of collapsed buildings.
As shown in Figure 8, the distances of the optimal
rescue path before and after the earthquake are 398.7 m
and 1404.1 m, respectively. This indicates that the post-
earthquake optimal rescue path extends to 3.5 times
than the normal path, due to the traversability
considering building collapse. Consequently, the post-
earthquake rescue will spend more time than usual
situations. Therefore, this study provides important
reference for the preparedness of post-earthquake
recues.

On other hand, the post-earthquake traversability of
road network also demonstrates the necessity of
reinforcing the possible collapsed buildings. By
comparing Figures 6 and 7, it can found that the
collapsed buildings in southwest area of the campus are
more than other areas, thus the traversability of road
network is also worse. Therefore, the results of road
traversability analysis agree with the distribution of
seismic damage. When collapsed buildings get fewer,
the post-earthquake traversability of road network will
be better, which facilities the post-earthquake
emergency responses.

4. CONCLUSIONS

An analysis method on the post-earthquake
traversability of road network considering building
collapse is proposed based on a high-fidelity seismic
damage simulation model (i.e., the MDOF model), and
a case study of a typical Chinese university campus is
performed in this study.

By using the proposed method, the seismic damage
of buildings in an urban area can be simulated and thus
influences on the traversability of road network due to
building collapse can be analyzed. Based on the post-
earthquake traversability, the optimal rescue paths can
be determined. The results of case study indicate
building collapse can alter the optimal rescue path,
which has a significant influence on the post-earthquake
emergency responses. Therefore, this study can provide
a critical reference for the post-earthquake decision-
making on emergency responses.

The outcome of this study can be recommended to
be applied in the emergency planning of cities such as
Beijing and Tianjin, and help these cities reasonably
respond to the post-earthquake traffic. In addition, this
study will be fully combined the topics of multiple
hazards and resilience in the future. On one hand, post-
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earthquake fires will be studied to consider the multi-
hazard effect; on the other hand, the post-earthquake
resilience of road network will be also investigated
based on the traversability. The future studies have a
potential to be one of the solutions to building resilient
cities.
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