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We have developed the SIND (scientific interpolation for natural disasters) model to forecast natural hazard zone for storm surge.
Most previous studies have been conducted to predict hazard zone with numerical simulations based on various scenarios. It is
hard to predict hazard zone for all scenarios and to respond immediately because most numerical models are requested a long
simulation time and complicated postprocess, especially in coastal engineering.(us, in this study, the SINDmodel was developed
to overcome these limitations.(e principal developing methods are the scientific interpolation for risk grades and trial and error
for parameters embedded in the governing equation. Even designed with hatch files, applying disaster characteristics such as the
risk propagation, the governing equation for storm surge in coastal lines was induced from the mathematical solver, COMSOL
Multiphysics software that solves partial differential equations for multiple physics using FEM method. (e verification process
was performed through comparison with the official reference, and the accuracy was calculated with a shape similarity indicating
the geometric similarity of the hazard zone. It was composed of position, shape, and area criteria. (e accuracy of about 80% in
terms of shape similarity was archived. (e strength of the model is high accuracy and fast calculation time. It took only less than
few seconds to create a hazard map for each scenario. As future works, if the characteristics of other disasters would be understood
well, it would be able to present risk propagation induced from each natural disaster in a short term, which should help the
decision making for EAP.

1. Introduction

With the increasing extreme disasters including drought,
heavy rain as well as ground heat, the ability to predict
hazardous area affected by them has become more impor-
tant. In the case of urban areas, man-made spaces were built
such as impervious and underground spaces. (ese resulted
in increasing the damage by natural disaster. (us, many
research studies have been carried out to respond to these
extreme climate changes. Disaster measures to prevent ex-
treme climate change can be divided into structural and
nonstructural measures. In particular, the nonstructural
measures generally include estimating the range or degree of
each damage under various scenarios. Among them, a
scenario-based hazard map is mainly made by governments
and local public institutions to inform hazardous area to the
residents.

In Korea, recently nonstructural measures have been
taken to prevent natural disasters since there are many
restrictions on structural measures such as land use, envi-
ronmental effect, and so on. From the past, studies on
countermeasures have been carried out, and the process of
disaster damage to the area has been suggested by Cutter [1]
and Lindell and Prater [2]. In Korea, the National Institute
for Disaster Prevention [3] conducted a study on regional
risk assessment and application for disaster management.
(e Seoul Institute [4] developed evaluation methods to
prevent urban disasters in Seoul, Korea. Regarding coastal
disasters, many countries have developed autonomously
flood forecasting and disaster planning techniques to predict
and respond to disasters. (e NOAA (National Oceanic and
Atmospheric Administration) is building a forecasting
system for monitoring and supervising storm surges and
tsunamis. In the United States Army Corps of Engineers, the

Hindawi
Advances in Civil Engineering
Volume 2021, Article ID 8852385, 14 pages
https://doi.org/10.1155/2021/8852385

mailto:seungoh.lee@gmail.com
https://orcid.org/0000-0002-0912-1226
https://orcid.org/0000-0003-1726-3694
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/8852385


White Paper on Estimating Hurricane Inundation Proba-
bility (Hurricane Inundation Probability) is used to describe
the storm events, the empirical simulation method, the
empirical track model, and so on. In Japan, the Meteoro-
logical Agency has been building a remote magnetic de-
tection device update and forecasting system to quickly and
accurately grasp tsunami. It is constantly monitoring tsu-
nami and storm surge throughout many countries. In ad-
dition, the local government area focusing on public
relations by creating a coastal hazard map indicates areas
and evacuation routes according to the intensity of ty-
phoons.Meanwhile, numerical simulation has been themost
essential element for making such hazard map.

It has been actively carried out on past disasters and
virtual disaster scenarios in order to produce a hazard map.
Scenarios of coastal disasters involve earthquakes and ty-
phoons. However, since it is difficult to predict earthquakes
and typhoons, most scenarios for the global scale are con-
structed based on past cases. It is not realistic to consider all
parameters of typhoon which occurred in the global scale. It
is not realistic to consider all parameters of typhoon which
occurred in the global scale because of the diversity of sizes
and routes of typhoons and the lack of numerical simulation
capability and DB. (us, the studies related to numerical
simulations have been carried out continuously for fore-
casting risk. To forecast the inundation caused by the storm
surge, it is important to calculate the initial wave height. (e
initial tidal-wave computation studies began in the mid-
1990s, with brief empirical formulas based on observations
(Conner et al. [5]; Harris [6]) or interpretations applied to
simple waters (Proudman [7]; Doodson [8]; Heaps [9]). (e
development of high-performance computers could lead to
numerical calculations of the governing equations in the
1960s, followed by a more detailed three-dimensional nu-
merical model. Since the mid-1970s, numerical analysis on
the theory andmechanism of storm surge have progressed in
earnest, and simulation studies about spatial and temporal
sea surface changes have begun (Simpson and Riehl [10];
Murty [11]; Pugh [12]). And the interpretation of sea level
fluctuations requires an understanding of the action of
complex oceanic elements such as tides, waves, oceanic
winds, and sea surface pressure, and the importance of
nonlinearity in relation to each element has been proposed
by many researchers (Heaps [13]; Wolf et al. [14]; Tolman,
[15]; Mastenbroek et al. [16]). (e numerical simulations
considering the interaction between the wave model and the
storm surge model have been carried out in Li and Zhang
[17] andOzer et al. [18]. In addition, Peng et al. [19] analyzed
the characteristics of storm surge and inundation according
to changes of central air pressure, wind speed, and moving
speed of each route after selecting 10 virtual storms in North
Carolina Sea. (ere are various factors to define or simulate
the inundation due to even single a storm surge. It is
practically impossible to consider all of them, and also it
heavily depends on the numerical simulation technique with
various assumptions and boundary conditions.

On the other hand, in the step of disaster response, it is
very important to simulate and analyze the initial wave
height for making the hazard map. For this purpose, several

considerations should be realized and computed in the
numerical model such as the complexity of tidal, storm
surge, and high waves, the effect of bottom friction in coastal
submergence, and the smooth moving boundary layer cal-
culation technique. (ere have been many cases related to
flooding in coastal areas due to boundary and initial con-
ditions on the outer seaside (Bates and De Roo [20]; Nicholls
[21]; Brown [22]; Purvis et al. [23]). However, these models
have many restrictions such as the calculation time with
respect to corresponding accuracy. It is difficult to estimate
the damage scenarios that do not exist and to forecast in a
short time because the simulation time of most disaster
prediction programs takes a long time. Brown [22] applied a
rule-based method based on the geographic information
system to derive future hazard areas due to large-scale cli-
mate change.(e rule-based method enables rapid flood risk
assessment compared with the hydrodynamic model. It
could not consider the hydrodynamical effects such as storm
surge. (erefore, in this study, we propose a methodology to
produce hazard map of storm surge by the interpolation
method using hazard map based on the hydrodynamic
model.

In the field of weather and climate forecasting, the in-
terpolation method has been traditionally used to estimate
data for unmeasurable areas using statistical techniques such
as spatial interpolation. It is meaningful in that it can provide
a very good alternative method for estimating local phe-
nomena with a small number of observational samples.
However, it has a limitation that depends only on the
number or values of available observed data. Many studies
have been conducted to reduce the uncertainty and increase
the accuracy of their estimations by using additional data
that can reflect natural and physical characteristics to
supplement these limitations (Yim and Lee [24]).

For instance, representative results of cokriging, when
utilizing the altitude above sea level related to temperature,
are compared with the estimation results of kriging, a tra-
ditional spatial interpolationmethod. Ishida and Kawashima
[25] compared results from the cokriging method with the
estimations of the kriging method in terms of the elevation
above sea level which is a geographical climate factor highly
related to temperature. Finally, it was found that the esti-
mation results of the cokriging showed higher accuracy.

Fitria [26] used the interpolation method to analyze the
spatial distribution of inundation according to initial tsu-
nami heights. Several researchers also developed the inter-
polation techniques to determine the tsunami hazard zones
(Islam et al. [27]; Maemunah et al. [28]; Fitria [26]). (ese
researches also applied geostatistical approach through
spatial interpolation with the kriging method. Fauzi and
Mayasari [29] designed a tsunami hazard zone based on land
use, slope, and distance from the shoreline using spatial
modelling with GIS via the ordinary kriging method.
However, the verification of the kriging model by the in-
terpolation method was practically difficult, and there was a
limit that the accuracy of such model cannot be evaluated.

(erefore, in this study, a model was developed using the
interpolation method, and a shape similarity was introduced
to quantitatively verify it. It was estimated for accuracy by
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verifying the official hazard map and added physical
meaning to the model by using additional data such as the
characteristics of storm surge and the topography of the
study area. Using this model, hazardous areas and risks are
provided in a short time according to user-defined condi-
tions so that a disaster situation can be determined as much
as precisely for decision or policy maker.

2. Methodology

2.1. Scientific Interpolation and SIND Model. (e SIND
model was developed by using the interpolation method
with the governing equation expressed by a partial differ-
ential equation (PDE). Interpolation is widely used in the
various fields of mathematics, economics, medicine, mete-
orology, and engineering. For example, it is used to perform
surface modelling or numerical topography modelling and
to express linearly new data points. It has been used to
understand the spatial structure of the target object and to
design artificial organs which implanted in the human body.
Also, it is known to simulate operation plan in the medical
field (Lee [30]). (e method from this study calculates new
data with old data such as observation data and field
measurements after establishing physical understanding,
which is why we used “scientific” interpolation method. In
detail, there are 3 reasons to explain that the “scientific”
interpolation method was used in this study. First, the
governing equation is not a simple PDE for a linear inter-
polation. It implies the meaning of risk transfer, of which
form is similar to the heat transfer equation. Next, the
transfer of risk grade depends on the topographical char-
acteristics in the research area, which are embedded in the
risk transfer equation. Finally, the input and boundary
conditions are also defined by reflecting the physical
characteristics of the storm surge after risk analysis was
performed.

(ere are 3 steps to develop the SINDmodel as presented
in Figure 1. First, the analysis of the hazard map is required
to extract the main factor for each disaster. For storm surges,
the hazard map was made by the government (MLTMA
[32]) along the coastal line in Korea. However, they have
only 4 hazard maps of each condition. (is means that it
could not predict the risk except the 4 wave height condi-
tions. Next, the governing equation was derived using the
hazard maps, and coefficients of the equation were decided
by the trial and error method. (us, this new prediction
model for natural disaster can estimate the damage due to
disaster with all conditions. Finally, it was verified by shape
similarity and mounted on the disaster prediction system
(see Figure 1). Since this equation is based on a database, the
more reference data are accumulated, more accurate
equation we can get. (e component of the model was
divided into “Activation Conditions” and “Usage Condi-
tions.” Each solver is performed based on these conditions.
(e users selected the degree or characteristics of disaster
they want at the “Activation Conditions” (see Figure 1).

For a storm surge, the users can input conditions such as
typhoon route, wind strength, and typhoon intensity, which
are already selected by users as primary input variables. If

they would set these conditions, the model would start to
search the prebuilt database to check if there is the same
condition of the data that they want. If not, the governing
equation for prediction would be loaded. And the conditions
entered by the user become a reference value for selecting the
governing equation set for each condition in the “Usage
condition” (see Figure 2), and the risk prediction is per-
formed by the selected equation. All outcomes from this step
are automatically stored in the database. In this model, the
prediction accuracy of the risk is dominant by the selected
equation for which we used the commercial program
COMSOL Multiphysics to do the trial and error method.

2.2. Derivation of Governing Equation for Storm Surge.
(e derivation of governing equations for each disaster is the
most important process to develop this model. First, we
must analyze the hazard maps for disaster scenarios after
collecting hazard maps related to the storm surge in Korea.
(ey were computed with numerical models and presented
by government (MLTMA [32]), and they officially have 4
maps with 4 conditions (see Table 1). (ese conditions are
corresponding with the frequency of wave height caused by
the typhoon in coastal area, 50-year, 100-year, 150-year, and
200-year wave height. (e numerical model, KOSY (Kordi
Operational Storm surge prediction sYstem) (MLTMA
[32]), used to compute the wave height is basically a hy-
drodynamic model and includes the meteorological con-
ditions of typhoons. It is an extension of the tidal model by
the fractional step method and applied the shear stress
caused by wind at the air-sea interface. Also, it is able to
consider the horizontal pressure due to the spatial distri-
bution of atmospheric pressure, the method of solving the
long wave equation in which the momentum equation is
vertically integrated. (e size of the horizontal grid is about
300m at the offshore and approximately 9 km at the open
sea, respectively. (e most basic and important factor in
calculation of wave height is the establishment of precise
bathymetry data. (is is established by collecting data from
the National Oceanographic Research Institute and global
bathymetry data such as GEBCO 08, ETOPO1, and
ETOPO2 of which horizontal resolution of these data is
about 500m∼2 km. (e time step of the numerical model is
1/3 sec∼3 sec depending on the grid size.

(e interpolation generally needed 3 reference data at
least. So, we used the 3 maps to derive governing equation to
predict risk grades for storm surge, 50-year, 150-year, and
200-year wave height. (e other was used for verification of
equation, 100-year wave height.

First, the basic form of equation was derived with
physical meaning considering some assumptions. And the
coefficients of the equation and boundary conditions were
defined by the trial and error method. An independent
variable of equation is set as the wave height frequency, and a
dependent variable is the spatial distribution of the risk
grades. Results from this model were put in the same
conditions (50-year, 150-year, and 200-year wave height)
with hazard map was compared with them to check whether
this equation can exactly predict spatial distribution of risk
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grade. (e COMSOL Multiphysics program was used to
perform the trial and error method for determining the
equations and comparing the results. And the shape simi-
larity was used to estimate accuracy of prediction by
comparison of inundated area with official hazard map.
Finally, the governing equation for predicting the risk of
storm surges was derived (see Figure 3). After that, the result
obtained using the same input conditions as the other map
(100-year frequency) was compared with that of the map to
verify the final equation.

2.2.1. COMSOL Multiphysics (Ver. 5.4). COMSOL Multi-
physics developed by COMSOL AB (Multiphysics [33]) was
used to derive governing equations for storm surges.
COMSOL Multiphysics is a software that solves partial
differential equations for multiple physics using the FEM
method. (e users can construct their own model and
configure each part to enter or adjust values instantly. So,
they can derive the equation with the change of conditions to
make what they need. In other words, the property and
boundary condition can be set as any function including
space-time and dependent variables. COMSOLMultiphysics
is equipped with governing equations that are frequently

used in the various fields of the heat transfer, flow, elec-
tromagnetic, structure, acoustic, chemical reactions, and
equation-based module. Equation-based module allows
users to construct their own governing equations to derive
results. Nonlinear PDE-type equations can be classified into
three types: coefficient form, general form, and weak form.
In this study, coefficient form was used as follows:

ea

z
2
u

zt
2 + da

zu

zt
− ∇ · (c∇u + αu − c) + β · ∇u + au � f,

(1)

where ea is the mass coefficient, da is a damping coefficient
or mass coefficient, c is the diffusion coefficient, α is the
conservative flux convection coefficient, β is the convection
coefficient, a is the absorption coefficient, c is the conser-
vative flux source term, and f is the source term.

On the left-hand side of equation (1), it consists of terms
of time, diffusion, convection, source, and absorption. It
indicates a source term which can be used or selected
according to the condition on the right-hand side. (e users
should select the coefficients c, α, c, β, and a and the
boundary term f.

Numerical simulation 

Hazard map 

Analysis of numerical
results 

Extraction of main factors

Derivation of equations

System application

Step 1 Step 2

(i)
(ii)

(iii)
(iv)

Basic form
Coefficients
Boundary conditions
Final equations for disaster

Equation verification
“shape similarity”

Step 3

(i) Position criterion
(ii) Shape criterion

(iii)Area criterion

Figure 1: Progress of the SIND model (Kim et al. [31]).

Activation conditions Usage conditions

User input (features)
(i) Typhoon route

(ii) Wind strength
(iii) Typhoon intensity

Variables

Governing equations

DB

Results output and stored in database

Concept design of SIND model for storm surge

Same input condition
in DB? 

No
Yes

Figure 2: Concept design of the SIND model.

Table 1: Information of hazard maps.

Hazard map
Format Shape file (.shp), AutoCad file (.dxf, .dwg)
Agent MLTMA (the Ministry of Land, Transport, and Maritime Affairs)
Program Numerical model (physical model)
Year 2010
Conditions 50-year, 100-year, 150-year, 200-year
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2.2.2. Basic Form of Equation for Storm Surge. (e risk grade
for storm surge is based on the maximum inundation depth
according to the typhoon grade. (e hazard map is used as
the database showing the maximum inundation depth in the
coastal areas regardless of the occurrence time (MLTMA
[32]).(e risk propagation as the frequency of wave height is
assumed that the absorption term is not significant. (ere is
another assumption meaning that the initial risk grade
determined by the typhoon grade is transmitted through the
mediators such as geographical features. (is mechanism is
similar to the heat transfer equation. (us, the governing
equation for storm surge is shown compared with the heat
transfer equation in Table 2.

(e parameters of Table 2 are put in the coefficient form
provided by COMSOL. (en, we assumed this equation as a
steady state because it cannot consider the change over time
due to the characteristics of the hazard map. Finally,
eliminating the time term, the equation can be expressed as

∇ · (−k∇D) � Q, (2)

where D is a risk grade and k is a resistance coefficient.

2.2.3. Assumptions. (e coefficient required by the basic
form is the resistance coefficient k and the boundary con-
ditions which are the risk grade D0 for coastal areas and Dext
for in land areas. An inundation caused by storm surge
depends on the terrain characteristics. (us, the resistance
coefficient should be reflected to elevation (DEM). DEM
provided by the National Geographic Information Institute
in Korea was used to cover land topography with the scale of
the DEM of 1 : 5000 and the grid size of 5m.(e wave height
with frequency is the most important factor and boundary
condition affecting inundation. (e calculations of wave
height can generally take into account the effects of tide,
wind, and pressure fluctuations. (e wave height used in the
SIND model was calculated by considering the path, wind
speed, and wind field of 201 typhoons for 56 years from 1951
to 2006. Wave heights were calculated according to each
frequency with the KOSY. It is determined by typhoon grade
and calculated as an initial risk grade on the boundaries. A
regression analysis was performed to estimate the initial risk
grades conditions for all scenarios, using 3 conditions of
frequency (50-year, 150-year, and 200-year). (e risk grades

on the land boundary are defined as the distance from the
coast. (e assumptions for the coefficients and each
boundary condition are as follows:

(i) (e resistance coefficient depends on the topo-
graphical conditions of the coastal area

(ii) Resistance constant (k) is inversely proportional to
elevation (DEM)

(iii) (e risk grade (D0) at the coastal boundary depends
on the grade of the typhoon and the wave height

(iv) (e risk grade (Dext) at the land boundary is lower as
the distance from the coast increases

2.3. Validation of SIND Model with Shape Similarity. (e
hazard map depicts the hazardous areas and risk grades with
inundation depth according to storm surge conditions. (e
area and location of the flooded zones are important factors
and related to the shape of inundated zones.(e comparison
of shape of inundated area with the flooded zone in hazard
map should be conducted to examine the accuracy of this
SIND model. As a result, it is necessary to compare the
position and shape of inundation areas to verify the result
from the SIND model. It introduced the shape similarity
method to quantify how much similar two figures or maps
by comparing in their positions, shapes, and areas. It can
express the degree of similarity using the geometrical
properties of the spatial dataset. However, it does not
consider the risk grades because it can just compare two-
dimensional figures in terms of geometry only. To consider
the risk grades, the hazardous areas for each risk grade were
divided and compared again with the graded flood zone in
hazard map. (us, the shape similarity with risk grade is
most efficient way to verify the results and to determine
accuracy. Kim et al. [34] used a CRITIC method, one of the
methods of calculating shape similarity, to select a matching
criterion that can reflect geometric properties. (e criteria
for the similarity of spatial data are the position criterion that
means the distance between the center of gravity and shape
criterion that uses the shape index. An area criterion uses the
ratio of overlapped areas (see Figure 4). For example, in
Figure 4(a), when A is the result of hazard map and B is the
result of SIND Model, two figures overlap each other based
on a certain point. After that, the shape similarity is

Hazard map
(MLTMA, 2010) 

Basic form
of equation for SIND

Coefficients

Boundary condition

No

50-year

150-year

200-year

50-year

150-year

200-year

50-year

150-year

200-year

Input data and
conditions 

Each term 

Trial and error

Output of
equation 

Comparison

Shape similarity?
Modify equation

Final equation 
Yes

Using COMSOL multiphysics

Figure 3: Process of derivation equation for storm surge in the SIND model.
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calculated using the location criteria (see Figure 4(b)), shape
criteria (see Figure 4(c)), and area criteria (see Figure 4(d)).

2.3.1. Position Criterion (SP). (e position criterion is
evaluated as the distance between the centers of gravity of
two objects. (e closer the position criterion is to 1.0, the
more similar the object of the SIND model is to the hazard
map.

SP � 1 −
Pc − Pm

Pm

(0≤ SP≤ 1), (3)

where Pm is
���������������������

(Xm − Xs)
2 + (Ym − Ys)

2


and Pc is
��������������������

(Xc − Xs)
2 + (Yc − Ys)

2


. Xm and Ym are the center of
gravity for the hazard map, and Xc and Yc are the center of
gravity for the SIND model.

2.3.2. Shape Criterion (SR). (e CRITIC method is mainly
used in GIS-based mapping field, and the shape of object is
close to basic shape like rectangle and circle. (ere is a
limitation to using this method because the shape of the
hazardous area for storm surge shows a thin and long band
shape. (us, this method was modified by adding the RCCI
index that can apply the elongated shape.

SR − I � 1 −
Rc − Rm

Rm

(0≤ SR − I≤ 1),

SR − II � 1 −
RCCIc − RCCIm

RCCIm
(0≤ SR − II≤ 1),

SR � s1 × SR − I + s2 × SR − II(0≤ SR≤ 1),

(4)

where Rm is |Pm/(2
����
πAm


)| and Rc is |Pc/(2

����
πAc


)|. Pm is

the perimeter of the shape in hazard map. Pc is the perimeter
in the SIND model. RCCI is added shape index. Equation is

Table 2: SIND for storm surge in coefficient form.

Parameter Heat transfer Risk grade for storm surge
U Temperature, T Risk grade (inundation), D
ea 0 0
da ρCa 1
C Conductivity coef. -k Resistance coef. -k
c 0 0
β Velocity Velocity
α 0 0
F Heat flux, Q Risk flux, Q

A B
Hazard map (2010) SIND model 

results

Points of standard

(a)

Center of 
gravity

(PA, PB) 

Aij Bij

(b)

a = nb SI =

SI =

SI = 1

a
r

b

Perimeter

2 πArea

π (n)

(n + 1)

(c)

A ∪ B A ∩ B A B

(d)

Figure 4: Concept of the CRITIC method. (a) Matching coupled object. (b) Position criterion: center of gravity. (c) Shape criterion: shape
index. (d) Area criterion: ratio of overlapped area.

6 Advances in Civil Engineering



RCCI � |A/CA|. Ac and Am are area of each shape. CA is
circumscribed circle area. s1 and s2 are weights of 0.4 and 0.6,
respectively.

2.3.3. Area Criterion (SA). (e area criterion was estimated
using the ration of overlapped area between 2 maps.

SA � 1 −
Ac ∪


Am(  − Ac ∩


Am( 

Am + Ac




(0≤ SA≤ 1), (5)

where Am is the inundation area in hazard map and Ac is the
inundation area in the SIND model.

2.3.4. Overall Shape Similarity (S). (e weights are calcu-
lated using the information amount and the correlation
coefficient. (e closer each criterion (SP, SR, and SA) is to
1.0, the overall shape similarity has higher value. (at means
the overall shape similarity (S) of the matching object is close
to 1.0.

S � w1 × SP + w2 × SR + w3 × SA(0≤ S≤ 1), (6)

where w1, w2, andw3 are the respective weights.

3. Results and Discussion

3.1. Coefficients and Boundary Conditions of SIND Model.
Using the trial and error method, the resistance coefficient
(k), the risk grade (Dext) at the land boundary, and the initial
risk grade (D0) at the coast boundary were calculated. (e
calculated coefficient and boundary conditions are consid-
ered with the characteristics of storm surge through as-
sumptions. According to the assumptions, the distribution
of k has something to do elevation (see Figures 5(a) and
6(a)). If k had low value, the propagation of risk is easier.(e
correlation is shown in the following equation:

k �
c1

z
, (7)

where c1 is the empirical coefficient to be 0.5 and z is the
elevation.

As shown in Figure 5(b), boundary conditions can be
divided into coastal and land. (e coastal boundary con-
ditions used the wave height at the station through frequency
analysis in the MLTMA report (see equation (8)). (ere is a
restriction that all boundaries were estimated as 1 repre-
sentative point. So, sections of boundary were divided
according to the risk grade on the hazard map (see
Figure 5(c) and Figure 4(d)). (e wave height for storm
surge was calculated through regression analysis to deal with
all frequencies (see Figure 6(c)). (e regression equation of
the boundary condition in coastal line is shown in equation
(9) and Figure 6(d). (e risk grade of land boundary is
expressed as distance d with the coastline, as shown in
equation (10) and Figure 6(b):

H � 0.235 ln(T) + 0.128, (8)

D0 � c2(4.25H − 0.54) + c3 (9)

Dext � c4d (10)

in coastal line boundary, in land boundary,where T is
frequency of wave height, H is the wave height, c2 is
equivalent to 2.525 in sections A and B, c3 is –1.293 in section
A and –5.293 in section B, c4 is constant, 0.25, c2, c3, and c4
are empirical coefficients, and d is the distance from coastal
line.

3.2. Results of Derivation Process. (e reference value is the
criterion which determines similarity between the result of
the equation and the hazard map. (is value is 0.6, and it is
used in the GIS-based mapping field. When the shape
similarity is 0.6 or more, it is estimated that the results in the
SIND model are implemented well. (e detailed results are
shown in Table 3. (e results with each frequency are shown
in Figure 7. (e matching pairs above 0.6 are 73.7%, 62.0%,
and 66.7%, respectively.

3.3. Short-Term Forecasting Hazard Zone. (e SIND model
can predict the hazardous area caused by storm surges in a
short time with simple input conditions. Table 4 shows the
geometric results of each hazardous area.(e result was very
similar to the inundation area shape of the hazard map.
However, the locally generated error between the two shapes
is because the regional characteristics were not reflected due
to the low resolution of the map.

3.4. Verification of SIND Model. A corresponding wave
height with 100-year frequency was entered for a model
verification, and the results were compared with the hazard
map at the same conditions: 100-year frequency of wave
height. Shape similarity was used to calculate the accuracy of
the SINDmodel. (e wave height of 100-year frequency was
calculated by regression equation.

3.4.1.Dreshold of Shape Similarity. A threshold is needed to
determine whether two shapes are similar or not. In the
CRITIC method, a subjective judgment process is necessary
to calculate a threshold value.(ematching pairs are directly
divided into exact-matching and mismatching. (e shape
similarity of each matching pair is analyzed to estimate the
threshold (see Figure 8). If the classification is well, the shape
similarity values of the exact-matching pairs will generally be
high and those of the mismatching pairs will be low. (e
threshold is defined as the value where the number of
mismatching exceeds it of exact-matching. After the 3 maps
used in derivation process were separated into exact-
matching and mismatching, the shape similarity was ana-
lyzed. As a result, exact-matching pairs had a generally high
shape similarity. (e threshold where number of mis-
matching pairs exceeds those of exact-matching pairs is 0.55
(see Figure 9).
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3.4.2. Results of Verification. It is necessary to obtain the
accuracy of the area, center of gravity, and perimeter of each
matching pair before calculating the overall shape similarity.
Determination coefficients, root mean square error (RMSE),
and Nash–Sutcliffe efficiency (NSE) were used for estimating
indexes of shape characteristics. (e determination coeffi-
cient is an index for evaluating the relationship between the
observations and the model for the same variable. As a value
is closer to 1.0 from 0.0, it indicates that the model results fit
the observative values well. Nash–Sutcliffe efficiency is an
index that is used as much as the determination coefficient.

(e Nash–Sutcliffe efficiency is a technique that evaluates
the efficiency of the model using the relationship between
observations and the model. Ramanarayanan et al. [35]
suggested the determination coefficient and the
Nash–Sutcliffe efficiency when they simulate the natural
phenomenon such as rainfall and temperature. If the de-
termination coefficient was a value of 0.5 or more and the
Nash-Sutcliffe efficiency is 0.4 or more, the model can be
well-conducted. (e root mean square error is a technique
for calculating the amount of error, and it is the most in-
tuitive and meaningful evaluation index. When it closed to
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Figure 5: Coefficient and boundary conditions in the SIND model: (a) resistance coef; (b) B.C; (c) section A; (d) section B.
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Figure 6: Results of coefficient and boundary conditions: (a) resistance coefficient with elevation; (b) land boundary conditions with d; (c)
wave height with frequency; (d) coastal boundary conditions with H.

Table 3: Results of overall shape similarity (S).

50-year 150-year 200-year
Total matching pairs 38 50 45
>0.6 28 31 30
Rate (%) 73.7 62.0 66.7
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Figure 7: Continued.
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0.0, it has higher accuracy between model and observation.
Each value of the shape characteristics at 100-year frequency
condition is shown in Table 5 and Figure 10.

(e accuracy of the results was verified at the random
condition by using the thresholds. (e shape similarity was

calculated by matching the results with the hazard map for
the wave height of 100-year frequency condition (see Ta-
ble 6). A total of 41 pairs of matching pairs were made, and it
was determined whether the shapes were similar based on
the threshold. (e number of exact-matching pairs was 33

Table 4: Overall results of the SIND model.

Grade Distance between center of gravity
Area (km2)

Perimeter (km) Ratio of overlapped area
Shape index

Each Sum Intersect Each value Difference
b1RA∗ 19.1 0.056 0.076 0.018 0.007 0.611 8.10 0.39b1CA 0.038 0.006 8.49
b2RA 176.5 0.029 0.051 0.013 0.005 0.601 8.50 0.87b2CA 0.035 0.006 9.37
b3RA 124.7 0.008 0.021 0.002 0.003 0.833 9.05 2.51b3CA 0.015 0.003 6.55
b4RA 14.9 0.006 0.018 0.001 0.002 0.857 6.63 2.37b4CA 0.013 0.002 4.26
b5RA 47.8 0.003 0.006 0.001 0.001 0.126 6.85 5.02b5CA 0.034 0.001 1.84
∗b1RA-1st Grade in “A” section of “b” area of hazard map (1: risk grade; R: hazard map; C: results of SIND; A, b: name of area).
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Figure 8: Examples of exact-matching and mismatching objects: (a) Exact 1; (b) Exact 2; (c) Mis 1; (d) Mis 2.
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Figure 7: Results of shape similarity for each frequency: (a) 200-year; (b) 150-year; (c) 50-year.
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Table 5: Estimation of shape parameter.

Evaluation method
Center of gravity

A (km2) P (km)
x (km) y (km)

R2 0.9984 0.9986 0.8746 0.9061
RMSE 0.1937 0.1621 0.0176 1.0528
NSE 0.9962 0.9966 0.4538 0.8102
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Figure 10: Continued.
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Table 6: Estimation of shape similarity.

Grade SP SA SR S
b1RA 0.987 0.411 0.986 0.720b1CA
b2RA 0.883 0.421 0.973 0.685b2CA
b3RA 0.917 0.198 0.924 0.584b3CA
b4RA 0.990 0.174 0.926 0.599b4CA
b5RA 0.968 0.879 0.847 0.904b5CA

33

8

Exact-matching
Mismatching

Figure 11: Verification results.
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Figure 10: Scatter plot of (a) x-coordinate; (b) y-coordinate; (c) area; (d) perimeter.
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pairs.(us, the accuracy is about 80.5%. Figure 11 shows the
number of exact-matching and mismatching classified by
the threshold.

4. Conclusions

Parallel to the hazard map made by the MLTMA [32], the
SINDmodel, based on a scientific interpolation method, was
devised with the guarantee of rapid and accurate estimation.
(e spatial distribution of the risk grades for inundation was
presented after verification estimated with shape similarity
between official hazard map and results from this model.

We reflect the physical characteristics of the disaster due
to storm surge into this model by selecting PDE form as
governing equation and setting the simple input and
boundary conditions. (e wave height, which is a repre-
sentative input value, appears to be simple and robust, but it
is calculated by the KOSY that can take into account the
effects of tide, wind, and pressure fluctuations. And we used
the trial and error method to decide coefficients of governing
equation for storm surge. (us, it can predict risk grades for
all disaster scenarios with high accuracy and speed. (e user
can find out hazardous area within a few seconds (about 5
seconds) in any condition between 50-year and 200-year
frequency of wave heights. As a result, this model can make
up for the limits of scenario-based disaster countermeasures.
(e advantages of this model can be summarized in terms of
convenience, speed, and accuracy. User does not require a
complicated understanding of disaster mechanism. And
there is no need for cornerstone work before simulating the
numerical model. (us, they can easily yield the results in
the right time and right condition for the right decision
making. Although the model was performed by simple
procedures, it has a physical meaning reflected the disaster
characteristics including initial wave height and geograph-
ical resistance. (is model also improved computation time.
As mentioned, it takes approximately 5 seconds for about
720,000 km2 to present each hazard map while the Delft3D
used commonly takes about 2 days in the same condition.
And the accuracy of this model was about 80% for arbitrary
condition. However, since we decided the threshold values
under empirical estimations by classifying the exact-
matching and mismatching, it is essential to prescribe the
exact-matching and the mismatching through the clear
criteria. And we would calibrate narrowly and adjust
carefully multiobjects corresponding to one object so that
the shape similarity will increase overall.

(e SIND model shows the new approach of disaster
prediction using the interpolation method with PDE repre-
senting physical characteristics of the target phenomenon.
(is model extenuated the complexity of the prediction for
storm surge such as long simulation time and the occurrence
of uncertain disasters, which were the well-known limitations
in numerical modelling. (erefore, it is possible to predict
disaster risk grades much quickly using this model, which
should be very helpful for policy decisions to respond disaster.
In fact, an early warning is very important to reduce human
injury and property damage just prior to and immediately
after occurrence of any event of specific disaster. (us, the

SIND model is capable of amply accurate and much rapid
predicting at the early stage. Also, it is based on database like
hazard maps, which can be composed of structured, semi-
structured, and unstructured data. (erefore, it will be ap-
plicable to various disasters if more reliable database is
acquired and higher accuracy is promised in the future.

And because this model used the results from numerical
simulation or observation as input data for the scientific
interpolation method, it does not consider the nonstationary
of historical data. However, the historical data related to
topography and climate are affected by extreme events as
earthquakes. For instance, the change of topography will
affect the occurrence of storm surge with physical laws.(us,
future works include the method how to regenerate risk
grade considering such historical data.
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Strong vertical excitation may lead to detrimental consequences on structures and infrastructures. To date, the impacts of strong
vertical shaking on structures and infrastructures are considered for near-field regions only. However, anomalies in terms of
recorded evidence and damage occurrence in the central Himalayan earthquakes dragged the attention of the researchers to
explore the possibility of strong vertical shaking in far-field regions as well. Systematic review approach is used to sum up the
findings from scholastic works reported to date and juxtaposed the findings with the evidence from central Himalayan
earthquakes. It is concluded that the strong vertical shaking in the far-field is undeniable, at least in the central Himalayas; thus,
incorporation of strong far-field vertical shaking in structural analysis and design is required. 'is paper reports the evidence
reported in the literature for strong vertical shaking and adds evidence from Nepal focusing on strong far-field vertical excitation.

1. Introduction

With an increasing availability of accelerometric records,
experimental and numerical studies on the effects of strong
vertical excitations are appearingmore frequently nowadays.
Although moderate to strong earthquakes rarely occur and
instrumentation is not adequate across the active seismic
regions, the impacts of vertical excitations were surfaced
mainly after 1990s. For many years, vertical shaking is
considered to be significant in the near-field regions only.
Possibly, due to the fact that the effects would be detrimental
in the near-field regions, consideration of vertical excitation
in near-field regions deemed necessary. Many researchers
conducted analyses on the seismic behavior of several types
of structures considering the near-field strong motion
records (e.g., [1–6], among others). In high-frequency sce-
nario, the vertical-to-horizontal spectral ratio would be
greater than 2/3, which is commonly considered [7], even for
source to site distance up to 40 km [8]. Meanwhile, the V/H

ratio would be smaller than 2/3 for a long period as reported
by several researchers (see, e.g., [9–11], among others).
Several earthquakes worldwide depict that strong vertical
shaking in the near-field would be detrimental in terms of
structure and infrastructure damage [12–16]. As all the
historical evidences coincide with the fact that the strong
vertical shaking is prevalent in near-field regions, experi-
mental as well as numerical studies on the effect of vertical
excitation on structures and infrastructures are also limited
to near-field regions. To the best of authors’ knowledge, the
far-field strong vertical shaking has not gotten adequate
attention although there are some remarkable shreds of
evidence to support this aspect. To this end, systematic
review was conducted on the effect of strong vertical shaking
on buildings to shed light on the necessity of strong far-field
shaking pertaining to the recorded and descriptive evidence
of the occurrence of strong or strongest vertical excitation in
the far-field. 'is paper aims to report the effect of vertical
excitation through extensive literature review and to propose
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a new dimension of the promising research field in the
future.

2. Methodology

'e systematic review approach is used in this study to
identify and synthesize the findings of published works that
emerged in the past decades. Further details regarding the
systematic review approach could be found elsewhere (see,
e.g., [17]). 'e schematic diagram of the systematic review
approach is shown in Figure 1. 'e first step involves the
formulation of the pertinent research question(s). In this
study, research questions were postulated as follows: is
strong vertical excitation significant in far-field too?
'ereafter, we explored repositories such as Scopus, Men-
deley, ScienceDirect, ASCE Library, Taylor and Francis
Online, Wiley Online, Springer, Sage, ResearchGate, and
Google. 'e keywords such as “vertical shaking,” “vertical
excitation,” “far-field motion,” “near-field motion,” “struc-
ture damage,” and “building damage” among others were
used to identify the potential works for literature review.
Apart from the scholastic works, relevant codes and research
works related to data and evidence for strong vertical
shaking in near field were collected. In total 211 documents
were prepared for initial assessment. 'ereafter, initial
screening was performed considering the quality of publi-
cation and publishers, indexation, duplication, and novelty
of the works. After a thorough quality assessment, 118
documents from indexed journals, codes, data papers,
reviewed reports, and reputed conferences papers were
segregated. 'e papers from indexed journals, reviewed
reports, and reputed conferences were used to perform an
exhaustive literature review. It should be noted that our
scope is limited to building damage due to strong vertical
shaking; thus, infrastructure damages are not duly
accounted. 'us, seismological aspects of strong vertical
shaking and studies related to the effects of vertical shaking
on bridges are not reported exhaustively, rather recognized
only. 'e papers selected for review were screened to check
the research alignment per our objective, and synopsis of
findings from each reviewed content is presented. Critiques
on existing studies are then delineated, and future insights
and conclusions are formulated attributing the recent ob-
servations on far-field vertical shaking. 'e central Hima-
layan earthquakes were considered as the evidence to extend
state-of-the-art practice to a new direction.

3. Effects of Vertical Shaking on Structures

One of the pioneering contributions in the effect of vertical
shaking was made by Papazoglou and Elnashai in 1996 [18].
'ey critically analyzed the damages caused by the Kala-
mata, Greece, earthquake (1986) for the near-field damage
analysis. 'ey further noted that the historical earthquakes
such as Skopje (1963), Managua (1972), 'essaloniki (1978),
El-Asnam (1980), San Salvador (1986), and Spitak (1989)
reflected the possibility of strong vertical shaking in the
near-field regions. 'e Kalamata earthquake showed the V/
H ratio up to 1.26 (for details, see [19, 20]) as reported by

[18]. Due to strong vertical shaking, the horizontal dis-
placement of items had occurred without visible evidence of
friction at the interface. Papazoglou and Elnashai [18] also
presented field evidence of horizontally cracked reinforced
concrete (RC) pedestal at midheight due to possible tensile
action. Reports presented by several researchers (e.g.,
[20–24]) outlined the unusually high number of symmetric
compression and shear-compression failures in columns and
shear walls even in soft-story buildings. 'is evidence was
not per the general expectation of the occurrence of bending
failure; thus, researchers noted that strong vertical shaking
would have been responsible for anomalous damage
mechanisms. 'e soft-story construction is considered to
have vulnerability concentrated to ground story, and oc-
currence of damage is generally expected due to formation of
plastic hinges. 'e soft-story damage, strengthening, and
seismic performance aspects are reported elsewhere (see,
e.g., [25, 26]). Papazoglou and Elnashai [18] concluded that
the discrepancy of vertical force was responsible for the
reduction in shear strength due to loss/reduction of concrete
contribution. Papazoglou and Elnashai [18] also presented
the evidence of the 1994 Northridge and 1995 Hyogo Ken
Nanbu earthquakes citing evidence of unusually strong
vertical shaking and damage occurrence in modern
buildings.

Several analytical investigations considering the effects of
vertical shaking on buildings confirmed that varieties of
buildings observe the same level of dynamic amplification
due to vertical shaking as reported by Papazoglou and
Elnashai [18] and analytical evidence presented by Geor-
gantzis [27], Papadopoulou [28], Papaleontiou and Roesset
[29], and Fardis [30]. 'e analysis conducted by Papado-
poulou [28] highlighted that moment-resisting reinforced
concrete (RC) frames show the variation of the vertical-to-
horizontal fundamental period between 7 and 2.5 for 8- to
1-storied buildings. 'e analysis performed by Georgantzis
[27] suggested that the behavior modification factor would
be reduced by up to 30%when considering vertical excitation
even though the V/H ratio is constrained to 2/3 [31, 32].
'us, consideration of vertical motion would result in the
failure of the upper story(s). Papazoglou and Elnashai [18]
concluded that column shear failure would be the governing
factor for the ultimate response when the vertical component
is included in analyses. Analysis of steel frame building by
Broderick et al. [33] showed that the inclusion of vertical
shaking did not affect the interstory drift; however, a 12%
increase in column rotation ductility demand was prevalent
due to the occurrence of lower yield rotation. 'e beam
would be the most affected due to vertical shaking. In 1996,
Papazoglou and Elnashai [18] shed light on the necessity of
inclusion of vertical excitation in earthquake-resistant de-
signs and analyses. However, a broad literature review re-
flected that the topic is still vital to be explored even after
25 years. Elnashai and Papazoglou [34] presented a method
to assess the behavior of RC buildings subject to vertical
shaking deploying piecewise linear relationship. 'ey de-
rived bilinear and inelastic spectra and concluded that the net
tensile forces and displacement may lead to the reduction in
the shear resistance of RC columns. 'ey proposed a modal
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analysis approach that could be deployed to estimate the
vertical shaking forces. 'eir analysis highlighted that ver-
tical excitation could lead to compression failure despite the
safety factor for the fundamental load be in the range of 2.5.
Ghobarah and Elnashai [35] presented the analysis in the
contribution of vertical shaking on the seismic behavior of
RC building considering low- and medium-rise RC build-
ings. 'ey concluded that the vertical excitation would
significantly affect the seismic performance of RC buildings.
'e vertical excitation was responsible for damage of existing
nonductile RC moment-resisting frame building as well as
the well designed RC building. 'e effect on drift was not
severe when P-Δ effects become dominant. 'ey further
highlighted that 10–20% additional strength loss was at-
tributed to the effects of vertical excitation. Similarly, the
response modification factor was decreased by 30% when
vertical excitation was accounted for.'ey reiterated that the
near-field vertical shaking would lead to significant damage
to the RC buildings.

In 2000, Diotallevi and Landi [36] presented an analysis
of the vertical excitation in seismic response of a five-storied

RC frame building using several strong motion records.
'ey compared the response of building with and without
the vertical excitation and concluded that the vertical
shaking would be detrimental due to the adverse effects in
column behavior. 'ey further presented that the vertical
excitation would lead to considerable fluctuations in the
axial force, and hence the column behavior would be
anomalous leading to a significant variation in global
structural response. A greater roof displacement was
prevalent, and the number of plasticized regions was greater
in the columns. Significant reduction in the ductility was
responsible for high axial compression, and the moment-
curvature loops had become more random, and the greater
axial force was responsible for greater peak values of mo-
ment and shear. Elgamal and He [8] denoted that the V/H
response spectra would be strongly dependent on period and
source to site distance and further concluded that the
commonly used V/H ratio of 2/3 would be too conservative
at high frequencies for up to 40 km source to site distance.
'ey concluded that significantly high frequency (≥8Hz)
was prevalent in vertical excitations. However, their review
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Figure 1: Systematic review approach implemented in the study.

Advances in Civil Engineering 3



and analysis are more focused on seismological aspects
rather than impacts of strong vertical shaking on buildings.
Similar seismological studies regarding the strong vertical
shaking in near-field regions are also performed by several
researchers (see, e.g., [37–44]). Mazza and Vulcano [45]
performed analysis on the effects of combined vertical and
horizontal components of near-fault ground motions in the
nonlinear dynamic response of the base-isolated building.
'ey concluded that the compressive force exceeded the
corresponding load for balanced failure in all the stories
except the top. Loghman et al. [46] assessed the performance
of base-isolated structures mounted on a triple concave
friction pendulum (TCFP) bearing deploying the vertical
excitation and concluded that the maximum error in cal-
culating the base shear of structure would be 29.5%. 'ey
pointed out that if vertical excitation is not considered for
superstructure with <0.6 sec period, the base shear would be
underestimated. 'ey further remarked that the inclusion of
the vertical component is also critical in practical designs.
Dana et al. [47] presented a comparative study considering
code-based pseudo-static vertical excitation and nonlinear
response history analysis which considers vertical ground
excitation for a whole steel frame building and several 2D
steel frame buildings. 'ey concluded that the conventional
code-based approach would give rise to conservative results
as this underestimates the interior column compression
demands by up to 40% with an average of ∼20%. Similarly,
the moments at the face of the columns were 65% greater
than those for the code-based approach, and the magnitude
difference was greater for upper stories when compared with
the lower ones. Di Sarno et al. [48] performed finite element
analysis of RC frame buildings using the recorded ground
motions of the L’Aquila earthquake and concluded that the
combination of horizontal and vertical ground motion is
required for reliable seismic performance assessment. 'ey
highlighted the need for experimental and numerical as-
sessment campaigns to rectify the mechanical models to
evaluate the shear capacity of structural members. Mazza
and Vulcano [49] and Mazza [50] depicted that the base
isolators would sustain tensile loads under vertical excitation
of the near-field earthquake.'e consequence of such tensile
loads may lead to the failure of the base isolation system due
to large displacement. Recognizing the role of vertical
seismic excitation in the modification of the axial stresses in
masonry, Rinaldin et al. [51] performed nonlinear analyses
of masonry structures to depict the lateral load resistance of
masonry piers. 'ey concluded that the inclusion of the
vertical component may lead to an increase in demand/
capacity ratio by an average value of 15% for the masonry
piers. Liberatore et al. [52] performed the finite discrete
element model of a masonry structure using recorded
accelerograms. 'ey concluded that vertical excitation in-
duces more intense failures in masonry structures with small
cohesion due to high-frequency content of the vertical
shaking compared with the horizontal one. Elhifnawy et al.
[53] considered four analysis schemes, viz., one horizontal
component, two horizontal components, one horizontal and
the vertical components, and two horizontal and the vertical
components and found that the multiple components of the

earthquake significantly affect the axial forces and strain
ductility factors of the columns. Meanwhile, the effect would
not be considerable in terms of lateral deformation response.
Abdollahiparsa et al. [54] analyzed the effects of vertical
excitation considering soil-structure interaction in steel
frame buildings. 'ey concluded that the vertical excitation
when combined with the soil-structure interaction effect
may increase the axial force on columns by ∼50%, maximum
vertical displacement on beams by twofold, and story drift by
∼40%. Asgarian et al. [55] performed nonlinear dynamic
analysis of three moment-resisting frame buildings con-
sidering 15 recorded near-field accelerograms. 'ey con-
cluded that the vertical excitation does not significantly
affect the dynamic response of the structure in the elastic
range; however, they noted remarkable variation in the
nonlinear range. Kim et al. [56] depicted that shear failure
would be random when vertical excitation is considered in
analyses. Wang et al. [57] obtained time histories of bending
moment and shear capacities using numerical modeling and
demonstrated that vertical excitation would affect both
capacities due to high frequency and significant amplifica-
tion leading to premature failure or anomalous failure
modes and casted doubt in the use of capacity design ap-
proach. 'e shifting of brittle shear failure from ductile
failure mode due to considerable variation in axial force and
presence of tension in piers under near-field ground shaking
was revealed by Hosseinzadeh [58] using numerical mod-
eling and by Lee and Mosalam [59] using experimental
approach.

As highlighted by Anderson and Bertero [60], seismic
demand would increase in the case of coupling the hori-
zontal and vertical components of strong ground motion
due to increased lateral forces and P-Δ effects. 'us, many
researchers felt the need for coupling the horizontal and
vertical components of earthquakes to predict more realistic
behavior. Ju et al. [61] proposed a methodology to perform
three-dimensional dynamic analysis of buildings consider-
ing vertical excitation. 'ey propose that four fundamental
considerations such as division of the main girder into two
elements, inclusion of secondary beams, avoidance of floor
stiffness if the floor is too thick, and the use of 80% vertical
effective mass led to precise results. With 1080 time-history
analyses and 180 static analyses, they concluded that the
relationships of extreme column axial forces and beam
moments between vertical excitation and dead loads would
be linearly proportional to the maximum acceleration taken
from the response spectrum for the first vertical frequency.
'emethod proposed by Collier and Elnashai [62] facilitates
estimating the structural response under coupled vertical
and horizontal components of strong ground motion.
Gulerce and Abrahamson [63] and Gulerce et al. [64] de-
veloped and implemented the probabilistic seismic demand
model and probabilistic seismic hazard assessment proce-
dures to incorporate the randomness of strong ground
motion and variation in structural characteristics. 'ey also
proposed that the ratio of vertical to horizontal motion
would serve as the intensity measure for probabilistic seismic
demand models. 'e study by Warn and Whittaker [65]
highlighted that the direct sum of the peak axial forces
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(vertical) that would be induced by the vertical excitation
and overturning moment would overestimate the actual
axial force on bearing. To this end,Wei et al. [66] highlighted
that the simplified approaches may be effective in the es-
timation of seismic demands of structures but fail to in-
corporate the variation in moment capacity, shear capacity,
and ductility related to the interactions of horizontal and
vertical excitations. Recognition of vertical excitation led
damages has also emerged after significant earthquakes as
reported by Augenti and Parisi [67], Gautam and Chaula-
gain [68], Kim and Elnashai [69], Bovo et al. [70], Nadim
et al. [71], and others. However, the majority of forensic
interpretations and damage analyses lack explicit evidence
regarding the effects of vertical shaking on structures.
Meanwhile, Ambraseys and Simpson [11] and Kale and
Akkar [72] have proposed vertical spectra for Europe.
Ercolino et al. [73] performed forensic analysis and nu-
merical modeling to assess the causes of roof damage during
the Emilia-Romagna earthquake and justified that the col-
lapse of roof elements was attributed to the vertical com-
ponent of earthquake in the near-field region. Due to the
occurrence of considerably large vertical excitation, high
relative displacement and low frictional resistance were
noted as uplift phenomena in nonlinear dynamic analysis
considered by the authors. 'e effect of three components of
earthquake excitation could be in particular more influential
for low period structures with sliding support [74]. Similarly,
Liauw et al. [75] highlighted that the vertical response of
structure is the function of frictional stress that is governed
by the supporting element on the foundation pad. 'ey
concluded that the inclusion of vertical excitation contrib-
utes in the sliding system. Similarly, Lin and Tadjbakhsh [76]
confirmed that the vertical excitation can in particular affect
the foundation system that is harmonically excited. 'e
high-frequency content associated with the early period
excitation due to vertical component of strong motion was
reflected in several numerical studies (e.g., [51, 77–84]). Kim
et al. [84] performed numerical studies of 13 RC buildings
considering the effects of strong vertical shaking. With the
variation of vertical-to-horizontal PGA ratio, they studied
the effects on vertical excitation on axial force, shear ca-
pacity, and shear demand of RC columns. 'ey finally
concluded that the vertical excitation leads to the variation in
axial force and shear capacity so that vertical excitation
cannot be left behind for the purpose of seismic assessment
and design of RC buildings. Tian et al. [83] concluded that
the effect of vertical ground shaking will not be significant
when considering interstory drift as a performance pa-
rameter; however, punching failure will dominantly occur,
which is seldom expected in horizontal excitations only.
'ey highlighted that the punching failure will reduce the
lateral drift capacity by 23%. Lu et al. [85] conducted shake
table testing of suspended ceilings. 'ey observed the oc-
currence of damage to suspended ceilings due to both
horizontal and vertical excitations. 'e experimental cam-
paign concluded that damage to suspended ceilings is not
governed by the horizontal shaking. On the contrary, the
vertical shaking significantly contributed to the failure of the
suspended ceiling-frame system [85]. Hosseini and

Nezamabadi [86] studied the vertical response of Iranian
steel buildings considering three-, four-, and five-storied
steel buildings. Scenario analyses performed considering the
vertical excitation and without considering it resulted
considerable variation in compression and tension leading
to noticeable uplift. 'ey further justified that the effects of
vertical shaking will be more pronounced in moment frames
rather than the bracing members. 'e authors numerically
validated that the effect of vertical component will be more
concentrated in the upper stories rather the lower ones.
Furthermore, the base shear ratio estimated for linear to
nonlinear analysis scheme was obtained in between 0.34 and
1.89 [86]. Yamazaki et al. [87] also studied the effects of
vertical excitations on steel frame constructions. 'ey
concluded that the fluctuation of axial force in weak columns
is more significant than the same in weak beams. 'e nu-
merical and experimental analyses highlighted that the ratio
of vertical to horizontal fundamental vibration period was
0.2 or less [87]. 'eir analysis also highlighted that the
vertical excitation would affect the interstory drift in the
range of ±3%, which indicates that the horizontal excitation
dominates the lateral displacement significantly than the
vertical one. 'e authors concluded that the increase in axial
force will give rise to significant reduction in shear capacity
and thus aggravate the possibility of shear failure. Guo et al.
[88] studied the combined effect of horizontal and vertical
ground shaking on RC chimneys using fragility based as-
sessment. 'ey considered near-field ground motions to
assess the seismic behavior and constructed fragility func-
tions. 'ey concluded that the likelihood of failure will be
significantly increased when horizontal component of
ground shaking intensity is significantly large. 'ey rec-
ommend the use of combined horizontal and vertical ex-
citations in seismic vulnerability assessment of RC
chimneys. Similarly, Nezamabadi et al. [89] assessed per-
formance of regular and mass asymmetric structures. 'ey
outlined that the near-fault vertical shaking will have sig-
nificance, and thus the vertical design spectrum can be used
to incorporate the effects arising from strong vertical
shaking in near-fault regions. Furukawa et al. [90] conducted
full scale shake table testing to assess the seismic response of
base-isolated structure considering vertical excitation. 'e
analysis performed by [91] showed that the displacements
will be increased by up to 56% in a three-storied steel
building when considering the vertical component of
ground shaking. However, they used near-fault strike-nor-
mal strong ground motions only. 'ey also noted that the
vertical shaking will increase axial forces in column.

Several other studies perform analysis of building sys-
tems with base isolation to quantify the effects of vertical
excitation (e.g., [49, 74, 92–95], among others). From the
above discussions and broad literature review, it should be
noted that the necessity of consideration of vertical exci-
tation in design and code formulation is a must to capture
the anomalous behavior of buildings during earthquakes.
Furthermore, it is clear that the strong vertical shaking in the
global context is confined to the near-field regions only. As
limited studies have duly focused on the impacts of vertical
shaking and have reiterated the need for formulation of
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vertical spectra for analysis, no significant improvements
could be found in the existing literature regarding this
regard. Although the scope of the paper is limited to building
structures only, the authors recognize the notable contri-
butions in the field of bridge engineering considering the
effects of vertical excitation as reported elsewhere (see, e.g.,
[66, 96–101], among others). Despite buildings and bridges,
many researchers have considered the vertical excitation to
assess the seismic performance of various types of structures
(e.g., [88, 102–106], among others).

4. Evidence and Avenues beyond
Near-Field Regions

Virtually all existing literatures report the strong vertical
shaking during an earthquake in the near-field region only.
On the contrary, the focus of this paper is to drag the at-
tention of the researchers towards strong vertical shaking in
the far-field region. Studies by Collier and Elnashai [62],
Ambraseys and Simpson [11], Ambraseys and Douglas
[107], Kalkan and Gulkan [108], Gulerce and Abrahamson
[63], and Boomer et al. [109] highlighted that the vertical to
horizontal spectral ratio is the function of source to site
distance as well as local soil condition. Accordingly, the
Kathmandu Valley as well as other valleys that are located in
the alluvial deposit may observe significant local site effects
during earthquakes (see, e.g., [43]). In this case, vertical
excitation would be dominant and may result in anomalous
damage mechanisms. 'e first evidence of strong vertical
shaking and associated damage in Nepal was reported by
Rana in 1935 [110]. In the monograph, the author reported
that despite being ∼150 km away from the epicenter of the
1934 earthquake [111], buildings in Kathmandu Valley
observed damage to the upper stories and also noted that the
shaking was up down due to strong vertical shaking. Ground
motion records in Nepal are available for 2011 and 2015
earthquakes only, so the account by Rana [110] cannot be
numerically justified. Table 1 summarizes the peaks of
horizontal and vertical components of recorded earthquakes
in central Himalaya together with the epicentral distances
and V/H ratios. As shown in Table 1, the 2011 earthquake
was recorded at 70, 115, and 272 km from the epicenter.
Notably, even the recording at 70 km shows V/H ratio as
0.84. Similarly, at 115 km, the ratio appears to be 0.66, and at
272 km from the epicenter (at Kathmandu), the ratio is still

0.43. Although significant damage did not occur in the
instrumented location in Kathmandu Valley during the 2011
Sikkim-Nepal border earthquake, however, clear evidence of
strong vertical shaking in the far-field was present. In 2015,
Nepal was struck by a strong earthquake of moment
magnitude 7.8. Several instrumental recordings are also
available for the earthquake. As shown in Table 1, all except
one recording in Kathmandu valley, which is more than
75 km far from the epicenter, depicted the V/H ratio more
than 2/3 (Figure 2). At 80 km epicentral distance, the ratio is
obtained as 1.33. 'e range of V/H in Kathmandu Valley is
obtained between 0.58 and 1.33. 'is signifies that the
central Himalayan earthquakes are likely to depict strong if
not strongest vertical shaking even in the far-field regions.
Figure 3 depicts that the frequency of vertical shaking was
∼10Hz which should have played a vital role in anomalous
building damage as reported by Gautam et al. [111]. 'e
accelerometric station is located on loose soil deposit area so
there is also a possibility of seismic site effects. 'e Kath-
mandu basin is ∼500m deep, and interbedding of silts,
sands, and clay is dominant [112]. 'is could be one of the
possible reasons behind the strongest vertical shaking in
central Kathmandu during the 1934 and 2015 earthquakes.

As opposed to the world earthquakes, as reported by
Broderick et al. [33] and Elnashai et al. [116], the central
Himalayan earthquakes depict relatively similar or greater
V/H ratio even in the far-field regions when compared with
the near-field records of Northridge and Kobe earthquakes.
Apart from seismological evidence, the 2015 Gorkha
earthquake in Nepal displayed exemplary evidence re-
garding the effects of strong vertical excitation in far-field.
Figure 4 shows a soft-story building with a collapsed third
story due to strong vertical shaking which is similar to the
evidence presented by other researchers in the near-field
regions. 'e excessive axial force due to vertical excitation
that usually becomes more significant in upper stories
should have caused the collapse. Except for the collapsed
story, the building sustained minimal damage. Several cases
of upper story collapse were reported in Kathmandu Valley,
especially in the soft soil deposit locations. 'e V/H ratio
also depicts the higher value especially in the case of soft soil
locations such as 'imi and NSC (Table 1). Similarly, shear
damage in the columns in the seventh story of a 14-storied
apartment building was prevalent in the downtown of
Kathmandu. It is pertinent to note that shear damage to

Table 1: Summary of strong motion records after some Himalayan earthquakes (modified from [113–115]).

Accelerometric station Earthquake Epicentral distance (km)
Recorded PGA (g)

V/H
EW NS UD

NSC Gorkha (2015) 80 0.13 0.18 0.2 1.27
Kantipath Gorkha (2015) 81 0.13 0.14 0.17 1.26
Kirtipur Gorkha (2015) 80 0.25 0.15 0.12 0.58
Tribhuvan University Gorkha (2015) 81 0.22 0.16 0.14 0.73
Patan Gorkha (2015) 83 0.13 0.15 0.13 0.93
'imi Gorkha (2015) 87 0.12 0.15 0.18 1.33
NSC Nepal-Sikkim border (2011) 272 0.032 0.05 0.018 0.43
Gangtok Nepal-Sikkim border (2011) 70 0.15 0.16 0.13 0.84
Siliguri Nepal-Sikkim border (2011) 115 0.16 0.2 0.12 0.66

6 Advances in Civil Engineering



columns in the location where maximum shear force is not
expected (Figure 5), intermediate/upper story collapse
(Figure 6), and shear-compression failure of internal
columns among others clearly indicate the presence of
strong vertical excitation during the Gorkha earthquake in
the far-field regions. 'ese shreds of evidence strongly
demand due consideration of vertical excitation during
seismic code formulation. 'e Nepal Building Code [31],
on the contrary, does not account for the effects of the
vertical shaking on building except for secondary struc-
tural elements. However, the earthquakes that struck
Nepal Himalaya have consistently notified that the strong
vertical shaking in far-field is significant. So, further re-
search is needed to quantify the effects of strong far-field
shaking beyond the conventional near-field analyses. To
quantify the effects of strong far-field excitation, nu-
merical studies and parametric analyses are required. We
aim to perform studies based on finite element analysis
considering strong far-field excitations considering
parametric analyses. Furthermore, the effect of soil-

structure interaction in the case of far-field vertical ex-
citation will be more influential in terms of foundation
performance. So, studies that consider the effect of soil-
structure interaction together with strong far-field vertical
shaking are also important to capture the anomalous
behaviors of buildings that were observed during several
historical earthquakes. In the case of strong far-field
excitation, the conventional design guidelines may not
assure adequate seismic performance as shear damage in
the middle portion of columns, higher axial force demand
in the upper story column, and others could lead to
unprecedented mechanisms and damages. 'us, experi-
mental campaigns considering the effects of strong far-
field vertical excitations will further advance the under-
standing regarding the mechanisms and possible remedial
measures that could be implemented in building codes. To
achieve the target performance of buildings in seismic
areas, the occurrence and possible effects of strong far-
field shaking should also be considered in contemporary
seismic designs and assessments.
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Figure 2: (a) Acceleration response spectra of the 2015 Gorkha earthquake recorded by National Seismological Center (NSC) [117] and (b)
vertical to horizontal spectral ratio for the Gorkha earthquake.
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Figure 3: Fourier spectra of the Gorkha earthquake: (a) east-west (E-W) component, (b) north-south (N-S) component, (c) vertical (U-D)
component, and (d) vertical and horizontal components.

Figure 4: Intermediate story collapse in a modern hotel building compliant to the prevalent code at Nagarkot, Bhaktapur, Nepal.
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5. Conclusion

A systematic review on the effect of vertical shaking on
buildings is presented in this study. With the help of a broad
literature review, the evidence for near-field and far-field
vertical excitations is summarized. 'e sum of the reported

evidence highlights that there are anomalous damage
mechanisms that could not be explained by the conventional
analyses.'is supports the significance of inclusion of strong
vertical excitation in the far-field regions too. Numerical
simulation results presented by several researchers also
highlight the clear evidence of detrimental impacts on

Figure 5: Shear damage of a column at midheight in Kathmandu due to the 2015 Gorkha earthquake.

Figure 6: Collapsed top story in a soft-story building in Kathmandu by the Gorkha earthquake.
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structures at least in terms of greater axial forces in the upper
stories, occurrence of shear damage in noncritical regions,
damage to interior columns, and variation in base shear,
among others. However, virtually all previous works focused
on the near-field regions only; thus, the strong far-field
vertical excitation has not gotten adequate attention so far.
'e evidence from central Himalayan earthquakes shows
that the strong/strongest vertical shaking is not limited to the
near-field regions only and that may also lead to detrimental
impacts on structures in the far-field regions. 'e damage
mechanisms in far-field regions due to recent earthquakes
are presented together with the V/H ratios of accelerometric
records. It is concluded that there is a dire need for in-
vestigation regarding the occurrence of strong vertical
shaking in the far-field regions as well and its impacts on
structures and infrastructures. Further numerical and ex-
perimental campaigns are required to address this scenario.
In addition, seismic codes should also consider the impacts
of strong far-field vertical excitations.'is study reports only
a few pieces of evidence of occurrence of strong vertical
excitation in the far-field regions and the related damages.
'e authors would perform numerical analysis using strong
far-field vertical excitation to assess the seismic performance
of RC buildings. Moreover, future works may also consider
experimental studies implementing strong far-field vertical
excitations.
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)e health, safety, and environment (HSE) risk assessment of major sewage transport tunnel projects (MSTTPs) is of great
significance to guarantee sewage treatment, ecological environment protection, and sustainable development. To accurately
evaluate the HSE risk of MSTTPs at the construction stage and effectively deal with their randomness and ambiguity, a risk
assessment model based on the structural entropy weight method (SEWM) and the cloudmodel is put forward in this paper. First,
an index system for MSTTPs was constructed via a literature review and expert interviews, and the rough sets method was used to
filter the indicators.)en, weights were calculated by the SEWM, which is able to consider both subjective and objective factors of
the weight calculation. Finally, to clarify the randomness and ambiguity in the evaluation, the HSE risk level was determined by the
cloud similarity. )e model was applied to the Donghu Deep Tunnel Project in Wuhan, China, and the results demonstrated that
its HSE risk level was medium, which was acceptable. )e index related to construction safety had the largest weight. A humid
environment, improper power utilization, and sludge andmud pollution were found to be the most influential risk indicators.)e
risk level could be intuitively and qualitatively judged by the figure evaluation cloud, providing a vivid and rapid evaluation tool
for the emergency decision-making of project managers, and the risk level could be quantitatively judged by the calculation of
cloud similarity. Moreover, through the comparison with gray correlation degree, set pair analysis, and fuzzy comprehensive
evaluation method evaluation results, we prove the scientificity and effectiveness of the proposed model. )e research results
provide a valuable reference for the project management of MSTTPs at the construction stage.

1. Introduction

In the past 30 years, urbanization in developing countries,
especially China, has progressed rapidly, resulting in increased
difficulties in urban sewage treatment and environmental
pollution problems [1]. Moreover, the capacity for sustainable
development has been severely restricted. To solve these
problems, major cities in developing countries are initiatively
buildingmajor sewage transport tunnels under the core areas of
the cities [2]. At present, a large number of major sewage
transport tunnel projects (MSTTPs) are being built in China,
and the total investment has exceeded 15 billion RMB [3].

MSTTPs are usually located 30–60m underground and
their construction sites are typically closed construction

environments, which have great impacts on occupational
safety. )e construction processes of MSTTPs are charac-
terized by complicated technology, a strict construction
period, high mechanization, and complex construction
safety risk [4]. )e accidents and pollution incidents caused
by these risk factors may result in huge economic losses and
casualties, making the MSTTPs unable to be completed on
time.

Health, safety, and the environment (HSE) is a concept
that was originally generated in the petrochemical industry
[5]. In recent decades, HSE has been gradually applied to
high-risk industries [5] and the management of major
projects [6] with established results. In combination with the
research purposes of this study, the HSE risk of MSTTPs is
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defined as the occupational health risk of workers, the
construction safety risk, and the environmental pollution
risk caused by the construction of MSTTPs. )e occupa-
tional health risk of workers (the H risk factor) is geared
toward the research category of public health science [7].
Safety risk management during construction, which is re-
lated to the S risk factor, belongs to the research areas of civil
engineering and management science. )e adverse effects of
construction operations on the surrounding environment,
which are related to the E risk factor, are part of the research
fields of environmental engineering and civil engineering.

Referring to the general risk assessment process, the HSE
risk assessment of MSTTPs in the present study includes
three components, namely, the determination of risk in-
dexes, weight calculations, and the selection of assessment
methods.

At present, the existing research on HSE has primarily
considered the HSE performance management of enter-
prises and the HSE risk management system of projects.
Based on three elements, namely, time, scope, and type,
Amir-Heidari et al. [8] comprehensively classified the HSE
performance evaluation methods of enterprises and put
forward a new HSE performance evaluation method from
both positive and negative aspects. Lu and Li [9] studied the
importance of the teamwork culture of construction teams
in the HSE risk management system. Via a case analysis of a
large prefabrication plant, it was proven that ensuring the
HSE risk management system in an immersed tube pre-
fabrication plant is of great significance to its smooth
implementation. A team’s strength could be mobilized and
all construction workers could be motivated to participate in
vocational education and safety production training. Zhang
and Li [10] systematically studied the construction risk of the
subsea tunnel of the Hong Kong-Zhuhai-Macao Bridge via
HSE risk management.)e LEC, an operation condition risk
assessment, was used as the evaluation method for the
analysis of the HSE risk level of the subsea tunnel, and the
corresponding risk response measures were stated. How-
ever, the quantitative analysis and calculation process of the
LECmethod are subjective and do not provide a clear logical
relationship between the values of risk indexes and the risk
response measures. In addition, to the best of the authors’
knowledge, a study on the HSE risk assessment of MSTTPs
has not yet been reported. )e main reason for the lack of
prior research might be that the MSTTPs have only been
restarted in the past few years, and many completed
MSTTPs, such as the famous )ames Tunnel in London,
were completed over a century ago.

)e structural entropy weight method (SEWM) is a
combined subjective and objective weight method that has
been extensively used in recent years. Based on the char-
acteristics of a large number of risk indicators for coalbed
methane development and their complex relationships,
Wang et al. [11] used the SEWM to process questionnaire
survey results for weight calculation. )e results were
consistent with the actual situation of the case project. By
employing the SEWM to calculate the weights of indexes,
Liang et al. [12] not only effectively solved the problem of the
lack of statistical data in the risk assessment of pipeline

damage to the goaf, but also better handled the limitations of
expert experience. Sun et al. [13] effectively adopted the
SEWM to calculate the weights of the bearing capacity
evaluation indexes of water resources.

For the selection of a risk assessment method, as one of
the key steps in risk assessment, the characteristics of risk
factors and assessment should be fully considered. Rezaee
et al. [14] pointed out that the uncertainty of risk factors and
the objectivity of assessment results are the key issues in the
field of HSE risk assessment in the chemical industry. )e
failure mode and effects analysis (FMEA) and the fuzzy data
envelopment analysis (DEA) were used to deal with these
problems, but the randomness and fuzziness of the risk
factors and risk assessment were neither further explored
nor analyzed. )e grey relational degree [15], set pair
analysis [16], and fuzzy comprehensive evaluation [17] have
been frequently used in risk assessment; while they have
achieved sound results, it remains difficult for them to ac-
curately describe randomness and fuzziness.

)e cloud model is able to analyze both qualitative
descriptions and quantitative data and can handle both
fuzziness and randomness of a risk system. In recent years,
it has become increasingly more widely used in the field of
risk assessment. Liu et al. [18] combined the cloud model
with an artificial neural network and proposed a new
method of urban flood risk assessment that could effec-
tively deal with the randomness and fuzziness of urban
flood risk factors. Peng [19] used the positive cloud
generator and the reverse cloud generator to construct a
risk assessment model of a cable-stayed bridge; the risk
assessment results based on the cloud model were found
to be more stable and reasonable. Liu et al. [20] employed
the cloud model to improve the traditional FMEA
method, and their case study results proved the effec-
tiveness of this amendment.

)e present paper proposes a risk assessment model of
MSTTPs based on the SEWM and the cloud model. )e
main contributions of this paper are as follows. (1) For the
first time, a HSE risk evaluation index system was con-
structed from three aspects of health, safety, and environ-
ment by using the methods of literature research and
questionnaire survey. Based on the genetic reduction al-
gorithm of rough set theory, this paper retained the core
evaluation index, effectively reduced the workload of the
evaluation process, and enhanced the practicability of this
method. (2) In this paper, the structural entropy weight
method with the advantages of strong explanatory power
and high accuracy of calculation results was used to calculate
the weights of indexes. (3) Considering the fuzziness and
randomness in the evaluation process, the qualitative con-
cept of HSE risk evaluation index and the conversion of
quantitative data were realized by the cloud model, which
made the evaluation more reasonable. In addition, the risk
level could be intuitively and qualitatively judged by the
figure evaluation cloud, providing a vivid and rapid eval-
uation tool for the emergency decision-making of project
managers, and the risk level could be quantitatively judged
by the calculation of cloud similarity. (4))is paper revealed
for the first time that, among the health, safety, and
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environment, the index related to safety had the largest
weight, while the index affecting the environment had the
smallest weight. )is weight distribution was the same as the
current research situation; the main research focused on the
construction safety risks, while the research on analysis of
construction’s environmental impact risks was less. A humid
environment, improper power utilization, and sludge and
mud pollution were found to be the most influential risk
indicators.

)e remainder of this paper is organized as follows.
Section 2 focuses on the research materials and methods,
including the index system and the risk assessment method
based on the SEWM and the cloud model. )e process of the
case analysis is presented in Section 3, Section 4 details the
discussion of the results, and the conclusions are presented
in Section 5.

2. Materials and Methods

2.1.*e Index System ofHSERiskAssessment ofMajor Sewage
Transport Tunnel Projects

2.1.1. Preliminary Selection of HSE Risk Index Indicators of
MSTTPs. According to the principles of scientificity, sys-
tematicness, effectiveness, and operability, risk indicators of
the categories of health, safety, and the environment were
preliminarily identified via research of the existing literature.
Table 1 presents references for each risk indicator.

2.1.2. Determination of HSE Risk Index Indicators of
MSTTPs. At present, there only exist a handful of MSTTPs
that have been constructed around the world. As many were
built long ago, they are of little significance for investigation.
In addition, China and other countries have just begun to
construct MSTTPs.)erefore, the available engineering data
of MSTTPs is scarce. Considering this, the expert interview
method was chosen to score the importance of the 42 HSE
risk indicators that have been identified. According to the
index score, the rough set was used to filter the index with
the help of Rosetta.

In the questionnaire developed for this research, experts
scored each indicator on a 5-point Likert scale. Each sec-
ondary indicator has five degrees of attributes for its primary
indicator, which are “very strong” (5 points), “strong”
(4 points), “average” (3 points), “weak” (2 points), and “very
weak” (1 point).

)e questionnaire was distributed to twenty-five experts
with rich theoretical and practical experience. Eight experts
were affiliated with universities, eleven were affiliated with
construction enterprises of MSTTPs, and five were affiliated
with MSTTP design units. Seventeen experts had the title of
senior engineer or associate professor, while the other eight
experts had the title of deputy senior engineer. Twenty
experts had participated in the Donghu Deep Tunnel Project
in Wuhan, which is the case study object of this article.
Eleven experts had participated in more than three MSTTPs.
)ese characteristics of the experts ensure the rationality of
the survey results.

After twenty-five experts had completed scoring for all
42 secondary indicators, the results of the questionnaire
were collected.

Rough sets theory is a mathematical method proposed by
the Polish scientist Z. Pawlak to deal with inaccurate, un-
certain, and incomplete data [44]. In the process of rough set
reduction, the relationship between evaluation indicators
and decision indicators can be established according to
methods such as self-information and mutual information,
so as to determine the importance of conditional attributes
and calculate weights [45]. )e Rosetta system is a tabular
logic data tool based on the rough set theoretical framework.

Table 1: Identification results of HSE risk indicators.

Criteria layer Preliminary indicator References

Health

Construction noise [21]
Construction dust [22]

Humid environment [23]
High ambient temperature [23]

Irregular lifestyle [24]
Toxic and harmful chemicals [7]

Whole body vibration [7]
Radiation [25]

Safety

Unreasonable tunneling parameters [26]
Excessive deformation [26]

Improper use of transportation [2]
Wear failure of the shield cutter head [27]

Improper power utilization [28]
Unqualified shield segments [29]
Improper operation of shield

segments [30]

Random stacking [2]
Incorrect protection [31]
Failure of bearing seal [32]
Failure of hoisting jack [32]

Clogging at the exit of slurry [32]
Bad grouting effect [32]

Improper selection of TBM machine [33]
Inadequate fastening of bolt [34]

Anchor bolt quality [34]
Imprecise installation of launching

base [34]

Deviation of TBM from target shaft [34]
Formation of “mud cake” during

excavation [34]

Derailment or collision of electric cart [34]
Grout pipe blockage [34]

Improper grouting amount [34]
Improper control of grouting

coefficient [34]

Leakage of pipe piece joints [35]
Shield tail seal leakage [35]
Segment seal failure [36]

Environment

Domestic waste pollution [37]
Exhaust pollution [38]

Wastewater pollution [37]
Sludges and muds pollution [39]
Pollution from vehicles [40]

Impact on groundwater level [41]
Excessive surface subsidence [42]

Destruction of the ecological structure [43]
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It was developed by the Department of Computer and In-
formation Science of the Norwegian University of Science
and Technology and the Institute ofMathematics, University
of Warsaw, Poland. )is software is not aimed at a specific
research field, but a general tool for simplifying models.

In this paper, rough sets theory was used to screen in-
dicators with the help of Rosetta system; the index screening
results are shown in Table 2.

2.1.3. Construction of HSE Risk Index System of MSTTPs.
According to the identified indicators of the HSE risk of
MSTTPs, an index system including 3 primary indicators
and 13 secondary indicators was constructed, as shown in
Table 2. In addition, based on the characteristics and actual
situations of MSTTPs, the connotation of each secondary
indicator was analyzed, as presented in Table 2.

2.1.4. HSE Risk Assessment Criteria of MSTTPs.
Currently, no uniformHSE risk evaluation standard does exist
[46]. In this paper, the HSE risk was divided into five levels,
namely, lower risk, low risk, medium risk, high risk, and
higher risk. )e scoring interval was set as [0, 100]. According
to the opinions of experts, the risk levels were divided and are
presented in Table 3. )e concepts and calculations of Ex, En,
and He are described in the subsequent section.

Lower risk indicates that the risk is negligible. Low risk
indicates that the risk is low, but project managers must
check the existing risk management measures. Medium risk
indicates that the risk is moderate and acceptable, but
further measures should be considered. High risk indicates
that the risk is serious and mitigation measures should be
taken immediately. Finally, higher risk indicates that the risk
is the most serious and completely unacceptable and con-
struction should be stopped immediately.

2.2. *e Assessment Model of HSE Risk Assessment of Major
Sewage Transport Tunnel Projects

2.2.1. Introduction of the SEWM. )e SEWM combines both
qualitative analysis and the quantitative analysis of weight
calculation [11]. Its basic logic is as follows. First, the Delphi
expert survey method and fuzzy analysis method are
combined to form a quantitative order that fully considers
the subjective judgments of experts. )en, entropy com-
puting and cognitive blind degree analysis are used to an-
alyze the quantitative order, and the statistical processing of
potential data that may produce deviation is conducted with
the modified uncertainty of the subjective judgments of
experts. Finally, the weights of indexes are obtained via
normalization.

2.2.2. Introduction of the CloudModel. )e cloud model was
first proposed by Li et al., a Chinese scholar. It realizes the
two-way transformation of qualitative concepts and quan-
titative values [47]. By applying the cloud model to the
evaluation of complex systems, the randomness and fuzzi-
ness of indicators and evaluation are fully considered [18].

A qualitative concept can be described by Ex (expected
value), En (entropy), and He (hyper entropy), which are also
recorded as (Ex, En, and He) [19].

(1) Ex represents the basic certainty of the qualitative
concept. It is the mathematical expectation of
the cloud drop in the spatial distribution of
the domain. It also denotes the center value of
the evaluation index in a certain grade score
interval.

(2) En represents the uncertainty measure of the qual-
itative concept and is determined by both ran-
domness and ambiguity of the concept. It evaluates
the degree of fuzziness of the index grade boundary.

(3) He is the uncertainty of entropy and reflects the
degree of deviation of the random variable corre-
sponding to the qualitative concept from the normal
distribution.

2.2.3. Risk Assessment Method of MSTTPs Based on the
SEWM and the Cloud Model. )e flow chart of this eval-
uation method is illustrated in Figure 1.

)e specific steps of the risk assessment method of
MSTTPs based on the SEWM and the cloud model are as
follows.

Step 1. Determine the standard cloud of each risk level.
)ere are 5 subintervals shown in Table 1. Let the

subinterval i be [Cmin
i ,Cmax

i ], and the digital characteristic
values are

Exi �
C
max
i + C

min
i 

2
,

Eni �
C
max
i − C

min
i 

(2
����
2In2

√
)

,

Hei � k,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(1)

where k is a constant that is usually assigned the value of 0.5
[47].

Step 2. Calculate the weights by the SEWM.
)e detailed steps for determining the weights are as

follows [13].

(1) Determine the Quantitative Order Based on Expert
Opinions. According to the operating procedures of the
Delphi method, k experts with rich theoretical and
practical experience are selected and sent a question-
naire. )e questionnaire must be completed
anonymously.

Experts score the importance of each index by using the
integer of (1 − n), where 1 is the most important index and n
is the least important index. )e number of indicators is n.
)e index ranking matrix A is obtained as follows:
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A �

a11 · · · a1n

⋮ ⋱ ⋮

ak1 · · · akn

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦, (2)

where aij indicates the importance evaluation of expert i

(1≤ i≤ k) for indicator j (1≤ j≤ n).

(2) Perform Weight Correction on the Quantitative Order.
According to the concept of the entropy weight method, the
uncertainty of the quantitative order is corrected [11]:

μ(I) � −
In(m − I)

In(m − 1)
, (3)

where I is the qualitative ranking number given by experts. If
the ranking number given is 1, then I is 1. If the ranking
number is 2, then I is 2. Additionally, m is the conversion
parameter, which is generally considered as m � j + 2.

After including aij in (3), the ordering quantitative
conversion value bij is obtained. Assuming that all experts

have the same weights in the evaluation system, the average
cognitive degree is defined as [12]

bij �
b1j + b2j + · · · + bkj 

k
. (4)

)e uncertainty of experts’ cognition is defined as
knowledge blindness, and its parameter Qj is as given by the
following equation [12]:

Qj �
max b1j, b2j, . . . , bkj  − bj  + min b1j, b2j, . . . , bkj  − bj  

2




.

(5)

)e overall cognition degree of indicator j by k experts is
defined as [13]

xj � bj 1 − Qj . (6)

Table 2: )e index system for the HSE risk assessment of MSTTPs.

Criteria layer Indicator layer Indicator interpretation

Health

Construction noise H1 Shield machines and vehicles in tunnels generate noise, which can give hearing damage to
construction workers.

Humid environment H2 )e humidity in the tunnel is exceedingly high, which may lead to skin dipping and
erosion of construction workers.

High ambient temperature H3 Excessive ambient temperature may cause heatstroke in workers.
Toxic and harmful chemicals

H4
Cement, paint, and other items may cause workers to suffer from occupational diseases

such as contact dermatitis.

Safety

Excessive deformation S1 Excessive deformation leads to the destruction of the original structure, leading to safety
accidents.

Improper power utilization S2 If the temporary power management is improper, it may easily give rise to an electric
shock accident.

Improper operation of shield
segments S3

)e improper operation of the construction personnel would end up in segments falling,
causing object strike accidents.

Imprecise installation of
launching base S4

)e launch base was installed incorrectly and the shield machine could not launch
normally, resulting in a safety accident.

Environment

Domestic waste pollution E1 Domestic waste in office and living areas may cause damage to the surrounding
environment.

Exhaust pollution E2 )e construction of tunnels uses a lot of machinery, and waste gas will be generated
during use. If it is not properly treated, it will pollute the atmosphere.

Sludges and muds pollution E3 Due to inexperience, it is difficult to achieve zero discharge of construction waste such as
engineering sludges and muds.

Impact on groundwater E4 )e earth pressure is not set properly, which may compact the surrounding soil and cause
the groundwater level to rise significantly.

Excessive surface subsidence E5 During the construction of the shield, the surrounding soil is disturbed greatly, and the
ground surface has a large settlement.

Table 3: Standard risk level classification and corresponding cloud models.

Risk level Standards Ex En He
Lower risk [0, 25] 12.5 10.616 0.5
Low risk (25, 50] 37.5 10.616 0.5
Medium risk (50, 75] 62.5 10.616 0.5
High risk (75, 90] 82.5 6.369 0.5
Higher risk (90, 100] 95.0 4.246 0.5
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(3) Perform Normalization to Determine the Weights.

ωj �
xj


n
j�1 xj

. (7)

Step 3. Calculate the clouds of the evaluation factors and the
comprehensive cloud.

By substituting the scores of all experts [zij]k×m into the
following equations , the clouds of the evaluation factors are
obtained [19]:

Exj �
1
k



k

i�1
zij, (8)

Enj �

��
π
2



×
1
k



k

i�1
zij − Exj



, (9)

Hej �

��������

S
2
j − En2j







. (10)

)e weights W � (ω1,ω2, . . . ,ωn)T obtained in Step 2
are substituted into the clouds of the evaluation factors
(Exj,Enj,Hej). )e comprehensive cloud of the HSE risk of
the MSTTP is determined by the following equation [19]:

Ex � 
n

j�1
Exj · ωj,

En �

���������


n

j�1
En2j · ωj



,He � 
n

j�1
Hej · ωj.

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(11)

By drawing the comprehensive cloud and five standard
clouds in the same image, the HSE risk level of an MSTTP
can be qualitatively judged.

Step 4. Determine the HSE risk level by the cloud similarity.
)e steps for the calculation of δi, which is the cloud

similarity between the clouds of the evaluation factors and
the comprehensive cloud, are as follows [47]:

(1) Generate Exp � Norm(En,He2).
(2) Generate xp � Norm(Ex,Ex2p).
(3) Substitute into (12) to calculate μp:

μp � e
− xp− Ex2

i( 
1
/ 2En2i( ) 

. (12)

(4) Repeat Steps 2 and 3 to generate μp, where
q ∈ [10, 30]. )en, δi can be calculated as follows:

δi �
1
q



q

p�1
μp. (13)

)e greater the value of δi is, the closer the HSE risk level
of the MSTTP is to the evaluation level. In this way, the HSE
risk level of an MSTTP can be calculated quantitatively.

3. Results

3.1. EngineeringBackground. )e case selected in this article is
theDonghuDeep Tunnel Project inWuhan, which is the largest
MSTTP in China. Its recent service scope covers the core area of
Wuhan, which is about 130.35 km2, and its long-term control
service range is about 200.25 km2. Its total length is about
17.5 km via shield construction, the tunnel diameters are
D3000-D3400mm, and the buried depths are 30–50m. When
this project is successfully completed, the sewage from the core
area of Wuhan will be directly transferred to the Beihu Sewage
Treatment Plant, which is the largest sewage treatment plant in
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Figure 1: Flow chart of risk assessment method of MSTTPs based on the SEWM and the cloud model.
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China. )e Donghu Deep Tunnel not only can elevate the
capacity and efficiency of urban sewage transport, but can also
effectively avoid the problem of the mixture of rain and sewage,
thereby improving thewater environment of Shahu Port, Luojia
Port, and Donghu Port. To achieve the smooth implementation
of this project, it is necessary to carry out a typical HSE risk
assessment.

Current data of MSTTPs was difficult to obtain, so the data
used for the computations of the weights and risk levels in the
case study were obtained by questionnaires. )e 10 invited
experts were the experts who selected the HSE risk indicator
system in the preliminary study. )e 10 experts scored the
indexes on the basis of fully understanding the site situation,
construction content, and process of the Donghu Deep Tunnel
Project. According to (1), three digital clouds of the charac-
teristics of each level were computed and are presented in
Table 1.

3.2. Determination of Indicator Weights. After a question-
naire survey, the results of the importance scores of the 3
primary indicators and 15 secondary indicators by the
twenty-five experts were substituted into (2)–(7), and the
calculation results of the weights of the 3 primary indexes
(Table 4), 4 secondary indexes related to the health indicator
(Table 5), 4 secondary indexes related to the safety indicator
(Table 6), and 5 secondary indexes related to the environ-
ment indicator (Table 7) were obtained.

From Table 4, it can be seen that the safety indicator has
the largest weight of the primary indexes, while the envi-
ronment indicator has the smallest weight. )is weighting
explains the phenomenon of most previous research fo-
cusing on construction safety risks instead of environmental
risks.

Table 5 shows that the humid environment index (H2) has
the largest weight, while the high ambient temperature (H3) has
the least weight. )ese results are consistent with the con-
struction content of MSTTPs, in which earth pressure balance
shield machines are used for shield construction and typically
create a high-humidity environment. However, MSTTPs are
mostly constructed underground and with good ventilation. So,
high temperature conditions will not occur.

As presented in Table 6, the weight of the improper
power utilization index (S2) is the largest of the 6 secondary
indexes related to safety, and the weight of the imprecise
installation of launching base (S4) is the smallest. )e
construction safety risk management of MSTTPs should
therefore focus on improper power utilization.

As presented in Table 7, the sludge and mud polarization
index (E3) has the largest weight. )e reason for this is that
the main pollutants produced during the shield construction
of the Donghu Deep Tunnel Project in Wuhan are sludge
and mud.

3.3. Calculations of the Clouds of Evaluation Factors and the
Comprehensive Cloud. Via the questionnaire survey results
of 25 experts, the scores of the 13 secondary indexes of the
Donghu Deep Tunnel Project were averaged and introduced
into (8)–(10). )e evaluation cloud model of each index was
obtained, as presented in Table 8.

After substituting the weight calculation results and the
clouds of the evaluation factors into (11), the comprehensive
cloud was found to be 67.8774, 7.3989, and 1.4578, and this is
shown in Figure 2.

It can be easily and intuitively seen that the HSE
risk level of the Donghu Deep Tunnel Project was found

Table 6: )e weights of 6 secondary indexes related to safety.

No. S1 S2 S3 S4
Expert 1 3 2 1 4
Expert 2 4 1 2 3
Expert 3 2 1 3 4
Expert 4 4 2 1 3
Expert 5 4 1 3 2
Expert 6 4 1 2 3
. . . . . . . . . . . . . . .

Expert 9 3 2 1 4
Expert 10 3 1 2 4
bj 0.6485 0.9191 0.8274 0.5741
Qj 0.0668 0.0778 0.1120 0.1413
xj 0.6052 0.8476 0.7347 0.4930
ωj 0.2258 0.3162 0.2741 0.1839
Ranking 3 1 2 4

Table 4: )e weights of primary indexes.

No. H S E
Expert 1 2 1 3
Expert 2 1 2 3
Expert 3 2 1 3
Expert 4 3 1 2
Expert 5 2 1 3
Expert 6 2 1 3
. . . . . . . . . . . .

Expert 24 2 1 3
Expert 25 1 2 3
bj 0.7687 0.9253 0.5985
Qj 0.0187 0.0291 0.1515
xj 0.7543 0.8984 0.5078
ωj 0.3491 0.4158 0.2350
Ranking 2 1 3

Table 5: )e weights of 4 secondary indexes related to health.

No. H1 H2 H3 H4
Expert 1 1 3 2 4
Expert 2 2 1 3 4
Expert 3 2 1 4 3
Expert 4 3 1 4 2
Expert 5 3 1 4 2
Expert 6 2 3 4 1
. . . . . . . . . . . . . . .

Expert 24 2 3 4 1
Expert 25 3 2 1 4
bj 0.8101 0.9159 0.5929 0.6446
Qj 0.0948 0.0746 0.1224 0.0708
xj 0.7333 0.8476 0.5203 0.5990
ωj 0.2716 0.3139 0.1927 0.2218
Ranking 2 1 4 3
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to be the closest to moderate risk [18, 38]. )e cloud
model could therefore effectively deal with the ran-
domness and ambiguity in the HSE risk evaluation of
MSTTPs.

3.4. Determination of the HSE Risk Level by the Cloud
Similarity. After introducing the obtained comprehensive
evaluation cloud (67.8774, 7.3989, and 1.4578) into (12) and
(13), the cloud similarities δi between the comprehensive
evaluation cloud and the five standard clouds were obtained
and are presented in Table 9. In (12), q is an important
parameter (q ∈ [10, 30]). δi under three different values of q

was calculated in Table 9.
)e cloud similarity between the comprehensive evaluation

cloud and the standard Cloud 3 was the largest, which indicates
that the HSE risk level of the Donghu Deep Tunnel Project is
medium risk.

4. Discussion

)e weight calculation in risk assessment often only
considers subjective or objective factors, thereby making
the weights inaccurate. Moreover, the common risk eval-
uation methods cannot reasonably take into account the

randomness and ambiguity in the evaluation process,
thereby making the risk evaluation results inaccurate.
Currently, MSTTPs are under construction in large
quantities, but there is little research on the risk of
MSTTPs, and research on the HSE risk assessment of
MSTTPs has not yet been reported.

To fill this gap, a typical risk evaluation index system of
MSTTPs was constructed in this study for the first time.
)en, to ensure the accuracy of the weight calculations, the
SEWM, in which both subjective and objective factors in the
weight calculation are comprehensively considered, was
used to calculate the weights. Finally, an evaluation method
based on the cloud model was adopted to describe the
randomness and ambiguity of the HSE risk assessment of
MSTTPs.)e research results obtained in this study can help
ensure the smooth implementation of MSTTPs and are
of great significance for ensuring wastewater treatment,
ecological environment protection, and sustainable
development.

Because there are no existing research results on the
HSE risk of MSTTPs, this paper compared the results of
case analysis with the results of common risk assessment
methods (the grey relational degree [15], set pair analysis
[16], and fuzzy comprehensive evaluation [17]). )e grey
relational degree calculation results of each risk level are
shown in Table 10. According to the calculation result of
the index weight of Donghu Deep Tunnel Project and the
average of the scores of each risk index, the gray cor-
relation degree of Donghu Deep Tunnel Project was
0.428, which belonged to medium risk. )e calculation
result of the five-element connection number of Donghu
Deep Tunnel Projects calculated by set pair analysis is
shown in Table 11. When the confidence ∈ [0.50, 0.70], the
HSE risk of Donghu Deep Tunnel Project was medium
risk. )e evaluation results of fuzzy comprehensive
evaluation are shown in Table 12. According to the
principle of maximum membership degree of compre-
hensive evaluation, the HSE risk was medium risk.

)e grey relational degree, set pair analysis, and fuzzy
comprehensive evaluation results of HSE risk of Donghu
Deep Tunnel Project belonged to the medium risk, and
the direct evaluation results were basically consistent

Table 7: )e weights of 5 secondary indexes related to the environment.

No. E1 E2 E3 E4 E5
Expert 1 5 4 1 3 2
Expert 2 4 3 2 1 5
Expert 3 4 5 1 2 3
Expert 4 3 5 2 1 4
Expert 5 5 4 3 1 2
Expert 6 4 5 1 2 3
. . . . . . . . . . . . . . . . . .

Expert 24 4 5 2 1 3
Expert 25 5 4 1 3 2
bj 0.5483 0.5621 0.9272 0.8453 0.7891
Qj 0.0320 0.1314 0.0403 0.0388 0.0956
xj 0.5308 0.4882 0.8898 0.8126 0.7136
ωj 0.1545 0.1421 0.2590 0.2366 0.2077
Ranking 4 5 1 2 3

Table 8: )e clouds of evaluation factors.

Indicator Average score Ex En He
H1 78.80 78.80 7.798650 1.617801
H2 84.84 84.84 5.120245 0.503215
H3 56.56 56.56 8.103378 2.329037
H4 73.96 73.96 8.556462 0.003187
S1 70.48 70.48 6.639879 2.580660
S2 55.48 55.48 7.008761 0.473030
S3 71.24 71.24 6.864416 0.826566
S4 79.44 79.44 6.287035 0.010070
E1 66.80 66.80 9.021574 2.986067
E2 61.84 61.84 7.483897 2.767690
E3 52.28 52.28 9.657094 3.233065
E4 54.48 54.48 6.371236 3.124658
E5 56.60 56.60 9.342341 2.485330
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with the evaluation results of the cloud model. )e gray
correlation model solved the ambiguity of indicators, but
it was difficult for it to deal with the randomness and
uncertainty of indicators [15, 47]. When many pieces of
data and information were used, the evaluation of in-
dicators always carried a certain degree of uncertainty
and randomness. In the application process of the set pair
analysis method, it was difficult to determine the ambi-
guity of the index difference coefficient, so it was not able

to be widely promoted in actual evaluation [16]. In
practical applications, the fuzzy synthesis method often
used the membership function to calculate the mem-
bership degree of each index and forcibly incorporated
the fuzziness of the index into the category of precise
mathematics. )ese characteristics made it difficult to
deal with the randomness and uncertainty of indicators.
)e method in this article used the cloud model to
consider the ambiguity and randomness in the HSE

Table 11: )e results of Donghu Deep Tunnel Project’ five-element contact numbers.

Five-element contact numbers f1 f2 f3 f4 f5 Level

Donghu deep tunnel project 0.0000 0.1080 0.5009 0.3569 0.0342 Medium risk
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Figure 2: Cloud of comprehensive evaluation.

Table 9: Calculation results of the cloud similarity.

Standard cloud q Cloud 1 Cloud 2 Cloud 3 Cloud 4 Cloud 5
Cloud similarity δi 10 0.003 0.121 0.614 0.262 0.010
Cloud similarity δi 20 0.002 0.120 0.620 0.251 0.007
Cloud similarity δi 30 0.000 0.125 0.615 0.254 0.006

Table 10: Comprehensive grey relational degree.

Risk level Lower risk Low risk Medium risk High risk Higher risk
Grey relational degree 0.6667 0.5000 0.4000 0.3571 0.3333

Table 12: Evaluation results of the Donghu Deep Tunnel Project.

Risk level Lower risk Low risk Medium risk High risk Higher risk
Membership 0.000 0.1107 0.5931 0.2787 0.0175
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evaluation work, and the cloud diagram of the model in
the article vividly and intuitively depicted these char-
acteristics of the evaluation [47]. )e calculation results
are displayed in two ways: similarity and cloud graph,
which is convenient for decision makers to use evaluation
information.

5. Conclusions

To accurately evaluate the HSE risk of MSTTPs and effectively
deal with their randomness and ambiguity, the SEWMand the
cloudmodel were employed. In this paper, for the first time, an
index system for MSTTPs at the construction stage was
constructed from three aspects of health, safety, and envi-
ronment via a literature review and expert interviews. Based
on the genetic reduction algorithm of rough set theory, this
paper retained the core evaluation index, effectively reduced
the workload of the evaluation process, and enhanced the
practicability of this method.)en, weights were calculated by
the SEWM with the advantages of strong explanatory power
and high accuracy of calculation results. To clarify the ran-
domness and ambiguity in the evaluation, the HSE risk level
was determined by the cloud similarity. )is model was ap-
plied to the Donghu Deep Tunnel Project in Wuhan, China,
and the results demonstrated that its HSE risk level was
medium, which was acceptable. )e index related to con-
struction safety had the largest weight. A humid environment,
improper power utilization, and sludge and mud pollution
were found to be the most influential risk indicators, which
should be key points in HSE risk management of MSTTPs.
)e risk level could be intuitively and qualitatively judged by
the figure evaluation cloud, providing a vivid and rapid
evaluation tool for the emergency decision-making of project
managers, and the risk level could be quantitatively judged by
the calculation of cloud similarity. )rough the comparison
with gray correlation degree, set pair analysis, and fuzzy
comprehensive evaluation method evaluation results, we
prove the scientificity and effectiveness of the proposedmodel.

)e construction process ofMSTTPs has obvious stages and
is highly dynamic, so the HSE risk factors and risk levels also
have obvious stages and are highly dynamic. )e accurate
description of these stages and dynamics will further improve
the application and promotion value of the research results
achieved in this paper. Due to the difficulty in obtaining en-
gineering data, qualitative indicators were used in this research.
)erefore, determining how to select and use quantitative in-
dicators to describe the HSE risk of MSTTPs will be explored in
future research.
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Rubber isolation bearings have been proven to be effective in reducing the seismic damage of bridges. Due to the different
characteristics of isolation bearings, the mechanical properties of bridges with different combinations of rubber bearings are
complex under the action of earthquakes. *is paper focuses on the application of combinations of rubber isolation bearings on
seismic performance of continuous beam bridges with T-beams. *e seismic performances of continuous beam bridges with
different combinations of rubber isolation bearings, pier height, and span length were studied by the dynamic time history analysis
method. It was found that the bridges with natural rubber bearings (NRBs) have the largest seismic responses compared to the
other types of bearings. *e continuous beam bridge with isolation bearings, such as lead rubber bearings (LRBs) and high
damping rubber bearings (HDRBs), has approximately 20%∼30% smaller seismic response than that with NRBs under the action
of earthquakes due to the hysteretic energy of the bearings, indicating that the isolation bearings improve the seismic performance
of the bridge. *e continuous beam bridges with both NRBs and LRBs or NRBs and HDRBs have larger seismic response of the
piers than those with a single type of isolation bearings (LRBs or HDRBs) but smaller seismic response of the piers than those with
only NRBs. For a continuous beam bridge with shorter span and lower pier, it is not economical to use LRBs or HDRBs
underneath every single girder, but it is more reasonable to use cheaper NRBs underneath some girders. *e larger difference in
stiffness of the bearings between the side andmiddle piers leads to the more unbalanced seismic response of each pier of the bridge
structure. *e results also show that with increasing pier height and span length, the difference in the seismic response value
between the cases gradually increases.

1. Introduction

Among the seismic performance of a continuous beam
bridge, traffic safety is of great concern [1, 2]. In recent years,
rubber materials have been widely used for the bearings of
bridges because of their excellent deformation characteris-
tics. *ey play an important role in the seismic design of
continuous beam bridges [3–6]. Research on the material
and mechanical properties of different rubber bearings is
helpful to understand the seismic performance of rubber
bearings in bridge structures, thereby guaranteeing no se-
rious damage to the continuous beam bridge under the
action of earthquakes [7, 8].

Numerous studies have proved the efficiency of rubber
bearings in reducing the seismic-induced forces of bridge

systems [9, 10]. *e common types of rubber isolation
bearings include low damping natural rubber bearings
(LDRs) [1], natural rubber bearings (NRBs) [3, 6], lead
rubber bearings (LRBs) [7], and high damping rubber
bearings (HDRBs) [2, 8]. At present, the seismic perfor-
mance of the aseismic bearings for continuous beam bridges
is mainly studied for the mechanical behavior of various
rubber bearings under earthquakes [11, 12], by utilizing the
finite element method and shaking table test methods
[13–16]. Yamamoto et al. [17] investigated the seismic
characteristics of the isolation bearings of bridge structure
and found that for a structure under instantaneous load, the
isolation bearings can effectively reduce the seismic input
and can affect the characteristics of the structure in the
frequency domain. Pradilla and Cho [18] presented a
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comparison of the seismic behavior of simply supported
bridges by using three types of isolators, including HDRBs,
LRBs, and a friction pendulum system. Losanno et al. [19]
analyzed the seismic performance of a three-span contin-
uous bridge designed with different isolation systems, in-
cluding simply supported, LRBs, isolated with rubber
isolators and 10% damping, and isolated with rubber iso-
lators and a 70% supplemental damping ratio. Six near-fault
ground motion records were used to analyze the seismic
performance of a bridge by the direct time history inte-
gration method. Tubaldi et al. [8] revealed that in simply
supported multispan bridges, the HDRBs typically placed in
two lines of support and eccentric with the pier axis induces
a coupled horizontal vertical response of the bearings. Wang
et al. [20] investigated the seismic response of a typical
continuous beam bridge isolated with friction sliding
bearings in the Hong Kong-Zhuhai-Macao Link Project of
China. Li et al. [2] performed the shaking table array test of a
two-span isolated continuous bridge specimen with the scale
of 1 : 3 to study the seismic response characteristics of the
continuous bridge with HDR bearings. Zheng et al. [21]
investigated the seismic performance of the bridges with a
sliding-lead rubber bearing (LRB) isolation system under the
action of near-fault earthquakes. For the bridges with tall
piers, Chen and Li [11] investigated the effect of different
seismic retrofitting measures including LRBs and rocking
foundations onmitigation of their seismic responses. Anajafi
et al. [22] investigated the effect of LRBs on improvement of
the seismic performance of the bridges with flexible piers in
near-field and far-field earthquakes. *eir studies show that
for far-field ground motions, the LRBs used significantly
reduce not only the substructure responses but also the
displacement response of the girder. For near-fault excita-
tions, their studies show that there is an optimum range of
bearing parameters that can reduce the substructure force
demand and keep the girder displacement demand in
practice. Zhen et al. [23] used a high-speed multispan
continuous beam bridge with equal section as the engi-
neering background to discuss the seismic isolation effect of
LRBs and fluid viscous dampers by the dynamic time history
analysis method. Current research mainly focuses on the
mechanical behaviors of a single type of bearings. *e
combination of different bearings is seldom studied. To save
the construction cost, many kinds of bearings are used for
the bridges in practice.

Additionally, the continuous beam bridge with a com-
bination of different bearings has more complicated re-
sponse to earthquakes because (1) LRBs and HDRBs have
nonlinear horizontal stiffness, quite different from NRBs
especially at high shear strain amplitudes, and (2) some
factors, such as pier height and span length, also influence
the seismic performance of the bridges [24–26]. Researchers
have investigated the failure modes and seismic performance
of a continuous beam bridge with a combination of different
bearings during strong ground motions [21, 27]. However,
the influencing factors are studied very rarely based on a
combination of different bearings. What is more, the im-
portance of the combinations of different bearings has not
been clarified.

In this paper, the seismic performance of continuous
beam bridges with combinations of different rubber bear-
ings, such as a combination of NRBs, LRBs, HDRBs, NRBs,
and LRBs, and a combination of NRBs and HDRBs, were
studied; the bridges with such combinations were compared
to the bridges without bearings; the influence of bearing
combination, pier height, and span length on the seismic
response, including the displacement and energy dissipation
of bearings, the displacement of the girder, the displacement
of the top of the piers, and the bending moment and
shearing force of the bottom of the piers, were discussed.*e
isolation design method for the continuous beam bridges
with T-beams was provided; the effects of different com-
binations of rubber bearings on the mechanical performance
of the bridges were studied in order to further understand
the optimal configuration of different pier heights and span
lengths and provide rational suggestions for selection of
bearings for the continuous bridges with T-beams.

2. Materials and Mechanical Properties of
Rubber Bearings

2.1. Material Properties of Rubber Bearings. Rubber is a
highly elastic synthetic polymer material, including natural
and synthetic rubber [28]. *e mechanical properties of
rubber materials are relatively complex; the stress-strain
relationship of rubber materials is approximately linear in
the case of small strain but nonlinear in the case of large
strain [29]. Among synthetic rubbers, high damping rubber
is an effective isolation material typically filled with carbon
black, oils, or resins, which can enhance the seismic per-
formance of structures due to its higher damping prop-
erties, energy dissipation capability, and flexible stiffness
[30, 31].

Rubber material has been widely used in the bearings of
bridge structures, and isolation rubber bearings are espe-
cially suitable for the design of the seismic isolation for
bridges because of their seismic properties [8]. HDRBs
consist of high damping rubber layers, providing bearings
with horizontal flexibility, reinforced with steel layers that
provide vertical stiffness [32], as shown in Figure 1(a). *e
shape and high damping characteristics of LRBs are similar
to that of HDRBs; the difference is that LRBs have lead
cores vertically inserted into the bearings, as shown in
Figure 1(b). *e lead cores can change the damping
characteristics of the bearings so that they can adopt
antiseismic and energy absorption properties during
earthquakes [33].

Both LRBs and HDRBs have high horizontal stiffness
and damping at low shear strains, which can reduce the
response of bridges within a reasonable range under service
loads and small earthquakes. Furthermore, their horizontal
stiffness changes after the bearings yield with large hori-
zontal shear force and displacement during larger earth-
quakes, and so the bearings can absorb seismic energy
[23, 30]. A high damping ratio is also an important char-
acteristic of LRBs and HDRBs in addition to the nonlinear
constitution relation of conventional rubber materials.
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2.2. Mechanical Properties of Rubber Bearings. Rubber
bearings not only need to support the superstructure of a
bridge but also satisfy the deformation demand of the bridge
under the action of external forces. Especially under the
action of large earthquakes, bridge structures have a larger
displacement and the bearings have a larger shear defor-
mation [34]. LRBs and HDRBs can extend the overall period
of the bridge structure by yielding, effectively avoiding the
outstanding period of the earthquake, and reducing the
seismic response of the superstructure based on the high
damping characteristics, so as to achieve the effect of iso-
lation [27]. *e shear performance curve of LRBs and
HDRBs under horizontal load is shown in Figure 2.

*e equivalent horizontal stiffness, Kh, of LRBs and
HDRBs is calculated according to the equation below:

Kh � Geq(c)
A

Tr

, (1)

where Geq is the equivalent shear modulus at the shear strain
of c; A is the plane area of the rubber inside the bearing, i.e.,
the effective area; and Tr is the total thickness of the rubber
of the bearing.

*e initial horizontal stiffness is calculated according to
the following equation:

Ki �
2 · U(c) − π · heq(c)[1 − U(c)]

2 · U(c) − π · heq(c)
· Kh, (2)

where U(c) is the ratio of yield force to shear force at the
shear strain of c and heq(c) is the equivalent damping ratio.
U(c) and heq(c) are calculated according to equations (3)
and (4), respectively:

U(c) �
Qd

Kh Trc( 
, (3)

heq(c) �
Wd

2πKh Trc( 
2, (4)

where the yield force, Qd, is experimentally determined, and
Wd is the energy consumed for each loading cycle, i.e., the
envelope area of the hysteresis curve of LRBs and HDRBs.

*e postyield stiffness, Kd, is calculated according to the
following equation:

Kd � [1 − U(c)]Kh. (5)

From the viewpoint of dynamics, the dynamic equation
of bridge structures under the action of the earthquakes can
be expressed as follows [35]:

m €x (t) + c _x(t) + kx(t) � −m €x0 (t), (6)

where €x(t), _x(t), and x(t) are the acceleration, velocity, and
displacement response of the bridge structure, respectively;
€x0(t) is the acceleration time history of the ground motion
on the bridge structure, m is the mass of the structure, c is the
damping, and k is the rigidity.

It can be seen from the dynamic equation that for a
bridge structure with isolation bearings, its seismic response
under the action of an earthquake can be changed by
changing m, c, and k. For example, by changing the damp-
ing, c, and the rigidity, k, of the bridge structures, LRBs and
HDRBs can reduce the seismic response and thereby avoid
seismic damage to the bridge structures.

3. Model of a Bridge

3.1. PhysicalModel of a Bridge. Figure 3 shows the simplified
geometry and a detailed structural drawing of the contin-
uous beam bridge studied in this paper. Figure 3(a) shows a
3× 50m physical model of a continuous beam bridge, for
which the piers are 50m tall.*e compressive strength of the
concrete used for the girder and piers are 50MPa and
40MPa, respectively. Figure 3(b) shows that the girder of the
bridge is composed of six T-beams; the bridge has a total
width of 12.25m, and the T-beams are 2.8m tall; the deck
pavement is composed of 8 cm thick C40 cement concrete
and 10 cm thick asphalt concrete. Figure 3(c) shows the
transverse, longitudinal and cross-sectional views of the pier
from left to right.*e piers are thin-walled and hollow with a
sectional area of 6× 4m, a minimum section wall thickness
of 0.5m, and a maximum section wall thickness of 1m. *e
yield strength of the steel used for piers is 400MPa
(according to Chinese code GB50010-2010) [23]. *e pier
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Figure 1: Structural composition of isolation bearings: (a) HDRB; (b) LRB.

Advances in Civil Engineering 3



cap beams are 11.8m long, 4.2m wide, and 2.4m tall; the
caps are 8.3× 8.3m quadrates and 3m tall.

3.2. Finite Element Model. A 3-D model of the bridge
structure was created by the nonlinear finite element pro-
gram MIDAS [36, 37]. *e simplified analysis model of the
bridge is shown in Figure 4(a). *e superstructure and
substructure of the bridge were simulated by the lumped
mass system and the small discrete segment method. *e
appropriateness of such a modeling approach for a bridge
has been proven by the research of Choi et al. [38]. Zhang
and Huo [39] verified the accuracy of the program by
comparing the test results of static and dynamic loading
experiments. In the bridge structure modeling, the girder
was simulated by using elastic beam elements, while the
bearings and piers were simulated by nonlinear elements. In
the modeling details of the bridge system, piers, and bear-
ings, as shown in Figure 4(b), elastic linear beam-column
elements were used for girder; bilinear link elements were
used for the bearings; rigid elements were used to connect
the girder and piers with bearings; and fibre-based nonlinear
elements were used to model the piers [40, 41].*e details of
fibre-based nonlinear elements and the stress-strain rela-
tionship of unconfined concrete, confined concrete, and
longitudinal steel reinforcement used for the pier sections
are shown in Figure 4(c). *e compressive strength of the
unconfined concrete, confined concrete, and the yield stress
of the steel reinforcement are 26.8MPa, 29.2MPa, and
345MPa, respectively [23, 37]. *e base of the pier, fixed as
the interaction effect of the soil and the structure, was
neglected [42]. *e model had a total of 572 nodes, 48
nonlinear beam-columns, 600 elastic linear beam-columns,
and 24 bilinear link elements.

3.3. Model for Rubber Bearings. In this paper, the aseismic
performance of different combinations of rubber bearings
for the bridges was studied. According to the recommen-
dations for the parameters of 50m T-beam bearings in the
Chinese standard, three different types of bearings, NRBs,
LRBs and HDRBs, were selected for the bridge structure,
respectively [6–8].

All of the bearings were simulated by bilinear elastic plastic
spring element. *e restoring force model of the sliding and
fixed NRBs is shown in Figure 5(a). K0 is the bearing stiffness,
x0y is the yield displacement, and Q0y is the sliding frictional
force [43].*e stiffness of LRBs andHDRBs is nonlinear, which
was simulated by a mechanical model of bilinear restoring force
as shown in Figure 5(b). K1 is the preyield stiffness, K2 is the
postyield stiffness, Kh is the equivalent horizontal stiffness, xy is
the yield displacement, xd is the limiting displacement,Qy is the
yield force, andQd is the limiting shear force of bearings [36, 44].

4. Case Setting

4.1. Case Setting of Bearings. As the reaction forces of each
pier are different, different combinations of bearings for the
bridge were selected according to their vertical bearing force
[45]. Based on the static analysis, the support reacting force
of the bearings of the four piers was nearly symmetric
[46–48]. *e characteristics, such as bearings construct-
ability, availability, and technique, are also very important to
build a bridge, but the safety of the bridge, especially seismic
performance, was studied in this paper [49]. *erefore, the
No. 1 pier and No. 4 pier adopted the same type of bearing,
while the No. 2 and No. 3 piers had the same type of bearings
[37, 50, 51]. *e study cases were as follows:

Case 1: without bearings
Case 2: NRBs used for the four piers (NRBs)
Case 3: LRBs used for the four piers (LRBs)
Case 4: NRBs used for the No. 1 and No. 4 piers and
LRBs used for the No. 2 and No. 3 piers (NRBs + LRBs)
Case 5: HDRBs used for four the piers (HDRBs)
Case 6: NRBs used for the No. 1 and No. 4 piers and
HDRBs used for the No. 2 and No. 3 piers
(NRBs +HDRBs)

*e case setting of the bearings are shown in Table 1.
*e bearings were mainly selected according to the static

analysis results, and the material properties and physical
parameters of each bearing are shown in Table 2 (according
to the Chinese codes JTT 4-2019, JTT 822-2011, and JTT
842-2012) [24, 44, 52]. *e LRBs and HDRBs have nonlinear
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Figure 2: Shear performance curve of LRBs and HDRBs.
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horizontal stiffness; as the bearing is subjected to a hori-
zontal seismic force that exceeds its yield force, the preyield
stiffness of the bearing becomes postyield stiffness [7, 8].

Considering that the horizontal stiffness of bearings is an
important parameter during selection of the design pa-
rameters of the bearings, one horizontal equivalent stiffness
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Figure 3: Simplified bridge geometry: (a) longitudinal view of the bridge; (b) transverse view of the superstructure; (c) details of the piers.
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value is taken for the bearings on side piers and middle piers
through conversion, while the other stiffness parameters of
the bearings are converted by the equivalent ratio to facilitate
the analysis and comparison.

4.2. Earthquakes. *e continuous beam bridge in this
study is located in Yan’an city, Shaanxi province in China.
*e seismic fortification intensity of the site area is 7,
while the site classification of the bridge is III, and the
remarkable cycle of the site for small and large earth-
quakes is 0.56 s and 0.78 s, respectively [53, 54]. In order to
analyze all of the responses of the bridge structure under
different magnitudes of earthquake, time history dynamic

analysis was carried out using earthquakes with a prob-
ability of 40% and 2% in 100 years at the bridge site (three
seismic waves in small and large earthquakes, respec-
tively). In addition, there is an autocorrelation between
three seismic waves of both small earthquake and large
earthquake. Figure 6(a) shows the three seismic time
history waves (401, 402, and 403) of small earthquakes,
with a peak acceleration value of 0.431m/s2, 0.436m/s2,
and 0.43m/s2, respectively. Figure 6(b) shows the three
seismic time history waves (21, 22, and 23) of large
earthquakes, with a peak acceleration value of 1.542m/s2,
1.548m/s2, and 1.545m/s2, respectively. *e maximum
values of the seismic response of the bridge obtained from
the time history analysis with the three seismic waves were
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Figure 4: Analytical model: (a) 3-D finite element model of the total bridge system (girder and deck elements are not shown for clarity);
(b) modeling details of an external bridge pier including the nonlinear model used for bearings; (c) details of the fibre-based nonlinear
elements used for the pier sections.
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used to be discussed (according to the Chinese code JTG/
T B02-01-2008) [34, 50].

5. Verification

*e verification of a mathematical model is a key step for
the simulation research [55, 56]. *e shaking table test in
reference [57] was analyzed by numerical simulation in
this paper, in order to verify the correctness of the nu-
merical model adopted in this paper. A two-span simply
supported bridge model was built, as shown in Figure 7(a),
with a 30m long span and an 880 ton girder. All of the pier
columns were the same height (8 m) and diameter (1.6m).
Circular laminated-rubber bearings with the diameter of
600mmwere used to support the beam.*e specified yield
strength of the steel reinforcement used in the model was
335MPa, and that of the concrete was 40MPa. *e scale
model for the shaking table test is shown in Figure 7(b),
with the scale of 1/4 to the prototype bridge. *e column
diameter and the clear height of the piers were 0.4 m and
2m, respectively. *e Northridge earthquake recorded by
the New Hall Fire Station with a peak acceleration of
0.59 g was used to analyze the seismic response of the
bridge. *e peak ground accelerations of ground motions
were applied in increasing earthquake intensity, varying
from 0.1 to 0.6 g. *e displacement of the bearings was
measured by the shaking table test, as shown in
Figure 7(c).

*e results show that under the action of earthquakes,
the trend of the analytical bearing displacements is con-
sistent with that of the experimental displacements, as can be
seen in Figure 7(d). Figure 7(e) further presents the dis-
placement errors in different intensities of the Northridge
earthquake and shows that the errors between the analytical
results and the experimental results are less than 13%, which
meets the requirement for accuracy in this study [58, 59].
*e difference may be due to the measuring instrument used

for the test, which cannot achieve accurate simulation in
numerical analyses [4].

6. Analysis of the Results

6.1. Seismic Response of the Bridge

6.1.1. Displacement of the Bearings. Rubber bearings of
bridges deform and thereby reduce the seismic load onto the
structure in an earthquake, and their deformation capacity
and hysteretic deformation under the action of earthquakes
can directly reflect their aseismic effect. Figure 8 shows the
displacement of the bearings at each pier in different cases
under the action of small and large earthquakes. On the
whole, the No. 1 and No. 4 piers have much higher bearing
displacements than the No. 2 and No. 3 piers; the No. 3 pier
basically has the same bearing displacements as the No. 2
pier in different cases; the displacement of the bearings
under the action of large earthquakes is about 8 times that
under the action of small earthquakes.

Figures 8(a) and 8(c) show the longitudinal displacement of
each bearing under the action of small and large earthquakes,
respectively. *e displacement of the bearings of the different
piers changes in the same trend. *e displacement of the
bearings of the No. 1 pier is larger; that at the No. 2 pier
decreases and is close to that of the No. 3 pier; and that of the
No. 4 pier increases and is close to that of the No. 1 pier. *e
bearing displacement of the No. 1 and No. 4 piers is generally
larger than that of the No. 2 and No. 3 piers mainly due to the
larger stiffness of the bearings of the No. 2 and No. 3 piers.
However, the maximum displacement of the bearings under
the action of large earthquakes is 42.09 cm in Case 2, which
exceeds the limiting deformation ofNRB-1. In several cases, the
displacement of the bearings of the No. 1 and No. 4 piers
exceeds the ultimate displacement, meaning that damage has
occurred to the bearings. Under the action of small earthquake
and large earthquakes, the bearings have the maximum dis-
placement in Case 1. In Case 3, the longitudinal displacement
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Figure 5: Layout and restoring force model of bearings: (a) restoring force model of NRB; (b) bilinear restoring force model of LRBs and
HDRBs.

Table 1: Case setting of bearings.

Cases 1 2 3 4 5 6
Pier Nos. No. 1, No. 4 — NRB-1 LRB-1 NRB-1 NRB-1 HDRB-1
Pier Nos. No. 2, No. 3 — NRB-2 LRB-2 LRB-2 HDRB-2 HDRB-2
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of each bearing is approximately 30% and 60% of maximum
displacement under small and large earthquakes, respectively.
In Case 5, the longitudinal displacement of each bearing is
approximately 50% and 65% of the maximum displacement
under the action of small and large earthquakes, respectively.

Figures 8(b) and 8(d) show the lateral displacement of
each bearing under the action of small and large earth-
quakes, respectively. In different cases, the No. 1 and No. 4
piers have larger displacement of their bearings, while the
No. 2 and No. 3 piers have similar displacement of their
bearings, which is lower than that of the No. 1 and No. 4
piers. Under the action of small earthquake and large
earthquakes, the bearings have maximum displacement in
Case 2, which is much larger than that in other cases. *e
displacement of the bearings exceeds the limiting dis-
placements under the action of large earthquake in Case 2,
indicating that damage has occurred to bearings under the
action of earthquake. In Case 3, the lateral displacement of

each bearing is approximately 30% and 40% of the maxi-
mum displacement under the action of small and large
earthquakes, respectively. In Case 5, the lateral displacement
of each bearing is approximately 35% and 45% of the
maximum displacement under the action of small and large
earthquakes, respectively.

In Cases 4 and 6, both the longitudinal and the lateral
displacements of the bearings of the No. 1 and No. 4 piers are
almost 2 times than those of the No. 2 and No. 3 piers under
the action of small earthquakes due to the preyield stiffness
of the bearings of the latter two piers being much larger than
the NRBs of the former two piers. *e displacements of
NRB-1 exceed the limiting displacements under the action of
large earthquakes in Cases 4 and 6. In Cases 3 and 5, as LRBs
and HDRBs were set on all of the piers, the longitudinal and
lateral bearing displacements under the action of earth-
quakes are smaller than in the other cases.*e displacements
of the LRBs and HDRBs are within the limiting

Table 2: Physical parameters of bearings.

Bearings NRB-1 NRB-2 LRB-1 LRB-2 HDRB-1 HDRB-2
Height of bearings (mm) 96 112 154 234 137 187
Total thickness of rubber layer (mm) 67 82 76 125 70 110
Vertical bearing force (kN) 1258 2701 1417 3510 1360 3489
Vertical stiffness, Kv (kN/m) 689183 1168633 806791 1382812 875000 1427000
Preyield stiffness, K1 (kN/m) — — 7225 12810 4690 7510
Postyield stiffness, K2 (kN/m) — — 1133 1930 1340 2150
Equivalent stiffness, K0, Kh(kN/m) 1700 2720 1700 2720 1700 2720
Yield force, Q0y, Qy(kN) 25 — 106 190 53 133
Shear modulus, G (MPa) 1.0 1.0 1.0 1.0 1.0 1.0
Damping ratio, ξ (%) — — 19.1 16.7 12 12
Limiting displacement (mm) 90 150 227 376 210 330
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Figure 6: Time history and acceleration response spectrum of the earthquakes: (a) time history of the small earthquakes; (b) time history of
the large earthquakes.
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displacements under the action of large earthquake.
Moreover, according to the pushover analysis results, the
LRBs and HDRBs do not yield under the action of large
earthquakes.

6.1.2. Hysteresis Curve of the Bearings. *e hysteretic curve
can characterize the deformation and energy characteristics
of isolation bearings. Figure 9 shows the hysteretic curves of
the LRBs and HDRBs of the No. 2 pier in different cases
under the action of the small earthquake (401) and the large
earthquake (23). *e mechanical properties of the LRBs and
HDRBs were nonlinear, as the horizontal seismic force at the
bearings exceeds their yield force, and thus the bearings yield
and dissipate seismic energy.

Figure 9(a) shows the hysteretic curves of the LRB-2
bearings of the No. 2 piers under the action of small and
large earthquakes in Case 3. *e hysteretic curves of LRB-2
in Case 3 are different under the action of small and large
earthquakes. *e LRB-2 bearings of the No. 2 pier have the
maximum displacement of 1.17 cm and 22.26 cm and the
maximum horizontal shear force of 121 kN and 572 kN
under the action of small and large earthquakes, respec-
tively. As the bearings never yield under the action of small
earthquakes, the energy consumption is less (63,154 kJ),
while the bearings yield under the action of large earth-
quakes and play a great role in the aseismic effect and
energy consumption, with an energy consumption of
3,903,502 kJ.

Compared to Case 3, the hysteretic curves of LRB-2 in
Case 4 under the action of small and large earthquakes are
plumper. *e LRB-2 bearings of the No. 2 pier have a
maximum displacement of 1.47 cm and 28 cm, a maximum
horizontal shear force of 149 kN and 683 kN, and an energy
consumption of 94,186 kJ and 6,473,746 kJ under the ac-
tion of small and large earthquakes, respectively. It can be
seen from Figures 9(a) and 9(b) that the bearings of the No.
2 pier in Case 4 have larger (approximately 1.5 times)
displacement, horizontal shear force, and energy con-
sumption than those in Case 3 mainly because the bearings
(NRB-1) of the No. 1 and No. 4 piers in Case 4 have much
smaller stiffness and thereby larger shear deformation than
the bearings (LRB-1) in Case 3 under the action of
earthquakes.

Figures 9(c) and 9(d) show the hysteretic curves of
HDRB-2 of the No. 2 piers under the action of small and
large earthquakes in Cases 5 and 6, respectively. *e
HDRB-2 bearings of the No. 2 pier in Case 5 have a
maximum displacement of 1.81 cm and 25 cm, a maxi-
mum horizontal shear force of 110 kN and 633 kN, and an
energy consumption of 121,453 kJ and 548,017 kJ under
the action of small and large earthquakes, respectively. In
Case 6, the HDRB-2 bearings have a maximum dis-
placement of 2.68 cm and 30.2 cm, a maximum horizontal
shear force of 146 kN and 744 kN, and an energy con-
sumption of 126,942 kJ and 8,629,838 kJ under the action
of small and large earthquakes, respectively. *e bearings
of the No. 2 pier in Case 6 have larger (approximately 1.3

times) displacement, horizontal shear force, and energy
consumption than those in Case 5, which are slightly
larger than those in Case 4. *is indicates that the LRBs in
Case 4 have a better isolation effect than the HDRBs in
Case 3.

6.1.3. Bending Moment of the Bottom of the Piers. *e
bending moment of a pier affects the seismic safety of the
substructure of a bridge under the action of earthquakes.
*eoretically, a smaller bending moment of the bottom of a
pier leads to a higher seismic safety of the said pier. Figure 10
shows the bending moments of the bottom of the piers in the
longitudinal and lateral directions of the bridge with dif-
ferent bearings under the action of small and large earth-
quakes. Figure 10(a) shows the bending moments of the
bottom of the piers in the longitudinal direction of the bridge
in different cases under the action of small earthquake. In
Case 1, the change trend of the bottom bending moments of
the four piers is similar to the displacement of the top of the
piers. *e No. 1 and No. 4 piers have maximum bending
moments of their bottoms of 58,836 kN·m and 58,696 kN·m
in Case 1, respectively. In the other cases, the No. 2 and No. 3
piers have higher bending moments of the bottom of the
piers than the No. 1 and No. 4 piers. In Case 2, the four piers
have the lowest bending moments of their bottoms; in Cases
4 and 6, the bendingmoments of the bottom of the No. 2 and
No. 3 piers are almost 1.6 times bigger than those of the No. 1
and No. 4 piers. In Cases 3 and 5, the bending moments of
the bottom of the piers are relatively small. Figure 10(b)
shows that, in different cases, the bending moments of the
bottom of the piers have similar trends, and the No. 2 and
No. 3 piers have bigger bending moments of the pier bot-
toms than the No. 1 and No. 4 piers. In Case 1, the four piers
have the biggest bendingmoments of their bottoms. In Cases
4 and 6, the No. 1 and No. 4 piers have almost 1.8 times
bigger bendingmoments than the No. 2 and No. 3 piers. Due
to the fact that the NRBs of the No. 1 and No. 4 piers have
smaller stiffness and that the HDRBs of the No. 2 and No. 3
piers have higher stiffness, more seismic loads are trans-
mitted to the No. 2 and No. 3 piers. *e piers have smaller
bending moments of their bottoms in Case 5, meaning that
the HDRBs show a relatively better isolation effect under the
action of small earthquake.

Figure 10(c) shows the longitudinal bending moment of
the bottom of the piers under the action of large earth-
quakes. *e bending moment increases first and then
decreases in different cases. *e bending moments of the
bottoms of the different piers with LRBs and HDRBs (Cases
3–6) are similar and smaller than those with NRBs (Case 2).
*e bending moments of the bottom of the piers in Cases 3
and 5 are approximately 60% and 70% of those in Case 2,
meaning that the LRBs and HDRBs have good aseismic
effect and reduce the seismic load of the bridge, especially
under the action of large earthquake. Although the same
bearings were used for the No. 2 and No. 3 piers in Cases 3
and 4, the piers have bigger bending moments of their
bottoms in Case 4 than in Case 3. *e piers have almost
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minimum bending moments of their bottoms in Case 1,
and the bending moments of the bottom of the piers exceed
the yield moment (292,468 kN·m) in Cases 1 and 2.
Figure 10(d) shows the bending moments of the bottom
of the piers in the lateral direction of the bridge under the
action of large earthquake. *e lateral bending moments
of the bottom of the piers are almost the biggest in Cases 1
and 2. *e other piers have smaller bending moments of
their bottoms in the lateral directions of the bridge. *e
bending moments of the bottom of the piers in Cases 3
and 5 are almost 60% of that without bearings (Case 1).
*e bottom bending moments of the No. 2 and No. 3
piers exceed the yield moment in Cases 1 and 2, indi-
cating that the use of isolation bearings can prevent the
piers from being damaged under the action of large
earthquakes.

According to the static elastoplastic pushover analysis
results, the bottoms of the piers have lower longitudinal
and lateral bending moments than maximum bending
yield strength in different cases under the action of large
earthquake.

6.1.4. Shear Force of the Bottom of the Piers. Figure 11 shows
the shear forces of the bottom of the piers in the longitudinal
and lateral directions of the bridge with different bearings
under the action of small and large earthquakes, respectively.
Figure 11(a) shows that in Case 1, No. 2 and No. 3 piers have
smaller shear force of their bottoms than the No. 1 and No. 4
piers, and the piers have the maximum shear force of their
bottoms in Case 1. In the other cases, the No. 2 and No. 3
piers have bigger shear force of their bottoms than the No. 1
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Figure 8: Displacement of bearings in different cases: (a) longitudinal displacement under the action of small earthquake; (b) lateral
displacement under the action of small earthquake; (c) longitudinal displacement under the action of large earthquake; (d) lateral dis-
placement under the action of large earthquake.
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and No. 4 piers. *e piers have smaller shear force of their
bottoms in Case 2, which is approximately 60% of maximum
shear force of the bottom of the piers in Case 1. Figure 11(b)
shows the shear force of the bottom of the piers in the lateral
direction of the bridge under the action of small earth-
quakes. In different cases, the shear force of the bottom of
the piers increases first and then decreases in different
cases. *e overall shear force of the bottom of the piers is
bigger in Case 1 and smaller in Case 5. *e No. 2 and No. 3
piers have bigger shear force of their bottoms than the No. 1
and No. 4 piers in Cases 4 and 6 due to the fact that the
LRBs and HDRBs do not yield under the action of small
earthquakes and have bigger preyield stiffness than the
NRBs in Case 2.

Figure 11(c) shows the shear force of the bottom of the
piers in the longitudinal direction of the bridge under the

action of large earthquakes. *e shear force of the bottoms
of the four piers in Case 2 is 6821 kN, 7883 kN, 7947 kN,
and 6927 kN, respectively, bigger than that of the corre-
sponding piers in the other cases. *e shear force of the
bottoms of the piers with aseismic bearings (Cases 3 and 5)
is approximately 70% of that without aseismic bearings
(Case 2). *e shear force of the bottoms of the piers in
Cases 4 and 6 is approximately 85% of that in Case 2.
Figure 11(d) shows the shear force of the bottoms of piers
in the lateral direction of the bridge under the action of
large earthquakes. *e four piers in Case 2 have bigger
shear force of their bottoms than in other cases.*e piers in
Case 3 have almost the smallest shear force of their bot-
toms, which is 65% of the shear force of those in Case 2; the
shear force of the bottom of the piers in Case 1 is between
that in Case 2 and Case 6.
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Figure 10: Bending moments of the bottom of the pier in different cases: (a) longitudinal moment under the action of small earthquake;
(b) lateral moment under the action of small earthquake; (c) longitudinal moment under the action of large earthquake; (d) lateral moment
under the action of large earthquake.
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In summary, the use of isolation bearings can effectively
reduce the shear force of the bottom of the piers of the bridge
under the action of large earthquake, meaning that the LRBs
and HDRBs have a better isolation effect. Under the action of
small earthquakes, the bridge structure has the biggest overall
seismic response in Case 1 without bearings because the
bearings deformed and created an isolation effect in the
other cases. In Cases 4 and 6, the bottom shear force of the
No. 1 and No. 4 piers is smaller than that in Cases 3 and 5
under the action of small earthquakes, but the shear force of
the No. 2 and No. 3 piers is bigger than that in Cases 3 and 5
due to the fact that bearings of the No. 2 and No. 3 piers do
not yield and have bigger preyield stiffness under the action
of small earthquakes. Under the action of large

earthquakes, the shear force of the bottom of the piers in
Cases 4 and 6 is larger than that in Cases 3 and 5.

It is confirmed in the conclusion of the experimental
study in reference [2] that the side and middle piers of the
continuous beam bridge have quite different seismic re-
sponse. Only HDRBs were used for each pier to investigate
the acceleration response of the bridge in their studies.

6.1.5. Displacement of the Top of the Piers. In an earthquake,
a larger displacement of the top of a pier leads to greater
damage to a bridge. *us, controlling the displacement of
the top of a pier in a reasonable range is important to
guaranteeing the stability of a bridge. Figure 12 shows the
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Figure 11: Shear force of the bottom of the piers in different cases: (a) longitudinal shear force under the action of small earthquake;
(b) lateral shear force under the action of small earthquake; (c) longitudinal shear force under the action of large earthquake; (d) lateral shear
force under the action of large earthquake.
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displacement of the top of the piers in different cases under
the action of small and large earthquakes. In the different
cases, the No. 2 and No. 3 piers generally have bigger dis-
placement of their tops than the No. 1 and No. 4 piers, and
the piers at the two sides of the bridge have similar or much
smaller displacement of their tops than the two piers in the
middle of the bridge mainly due to the fact that the No. 2 and
No. 3 piers have higher rigidity and thereby bear larger
seismic load.

Figure 12(a) shows the longitudinal displacement of the
top of the piers under the action of small earthquakes. *e
piers have the lowest displacement of their tops in Case 1,
as the longitudinal stiffness of the bridge without bearings

is much bigger than in other cases. *e piers generally have
bigger displacement of their tops in Cases 4 and 6 than in
the other cases, and the No. 2 and No. 3 piers have bigger
displacement of their tops; meanwhile, the No. 1 and No. 4
piers have the biggest displacement of their tops in Case
3—5.84 cm and 5.53 cm, respectively. *e No. 2 and No. 3
piers have the biggest displacement of their tops in Case
4—8.02 cm and 7.80 cm, respectively; the displacement of
the top of the piers in Case 2 is lower than in the other cases,
except in Case 1 (without bearings). Figure 12(b) shows the
lateral displacement of the top of the piers under the action
of small earthquakes; the lateral displacement of the action
of the four piers increases first and then decreases in
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Figure 12: Displacement of the pier top in different cases: (a) longitudinal shear force under the action of small earthquake; (b) lateral shear
force under the action of small earthquake; (c) longitudinal shear force under the action of large earthquake; (d) lateral shear force under the
action of large earthquake.
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different cases. *e piers have a larger displacement of their
tops in Case 1 than in the other cases, and smaller dis-
placement of their tops in Case 3, which is almost 80% of
the maximum displacement.

Figure 12(c) shows the longitudinal displacement of the
top of the piers under the action of large earthquakes. *e
four piers have the lowest displacement of their tops in Case
1; and the biggest displacement in Case 2, i.e., 40.93 cm,
49.01 cm, 49.28 cm, and 40.72 cm, respectively. *e piers
with aseismic bearings have similar displacement of their
tops; the displacement of the top of the piers in Case 3 is
approximately 60% of the displacement in Case 2.
Figure 12(d) shows the lateral displacement of the top of
piers under the action of large earthquakes. *e four piers in
Cases 1 and 2 have almost the biggest displacement of their
tops. *e lateral displacement of the top of piers in Cases 3
and 5 is approximately 60% of that without bearings (Case
1).*is means that aseismic bearings can effectively reduce
the displacement of the piers, especially under the action of
large earthquake, and LRBs have a better isolation effect than
HDRBs.*e results are similar to the research of Wang et al.
[20], but they mainly focus on friction pendulum bearings.

6.1.6. Displacement of the Girder. Figure 13 shows the
displacement of the girder in the longitudinal and lateral
directions of the bridge in different cases under the action
of small and large earthquakes. In different cases, the
displacement of the girder is over 9 times bigger under the
action of large earthquake than under the action of small
earthquake. In Case 1, the girder has the lowest dis-
placement, that is, 3.5 cm and 18 cm in the longitudinal
direction and 4.5 cm and 26 cm in the lateral direction
under the action of small and large earthquakes, respec-
tively. In Case 2, the girder has the biggest displacement,
namely, 8.9 cm and 83 cm in the longitudinal direction and
8.2 cm and 63 cm in the lateral direction under the action of
small and large earthquakes, respectively. *e girder dis-
placement in Cases 4 and 6 is approximately 50% of that in
Case 2, showing that LRBs and HDRBs have a better
aseismic effect and effectively reduce the seismic load on
the substructure of the bridge. *e displacement of the
girder in Cases 3 and 5 is approximately 80% of that in
Cases 4 and 6. In all cases except Case 1, the longitudinal
displacement of the girder is significantly greater than the
lateral direction displacement.

6.2. Seismic Response of the Bridges withDifferent Pier Heights
and Span Lengths. Section 6.1 studies the law of influence
of different combinations of rubber bearings on the
seismic performance of the continuous beam bridge with a
span length and pier height of 50m. In order to explore
the applicability of the research conclusion, this section
analyzes the isolation effect of various bearing

combinations on continuous girder bridges with different
pier heights and span lengths.

6.2.1. Seismic Response of the Bridge with Different Pier
Heights. In order to compare the impact of the change in
pier height on the seismic response of the structure, the
span length of the bridge remained at 50m and the pier
heights were 10m, 20m, 30m, 40m, 50m, and 60m, i.e.,
with an increment of 10m. As the seismic response, such
as the bottom bending moment, the bottom shear force,
and the top displacement of each pier similarly vary with
the change of pier height, the seismic responses of the No.
2 pier under the action of large earthquakes were
analyzed.

Figure 14 shows the trend of the longitudinal and lateral
bending moments of the No. 2 pier in different cases as the
pier height changes. Figure 14(a) shows that the longitudinal
bottom bending moment of the No. 2 pier in different cases
almost increases with the increase of pier height. In Case 1,
when the height of the pier is 50m, the bending moment of
the bottom of the pier reduces to a certain extent. When the
height of the pier is lower, the difference of the bottom
bending moment of the pier is smaller in each case, which the
largest is in Case 1. With the increase in pier height, the
difference between the bending moments of the bottom of the
piers in various cases gradually becomes obvious. When the
pier height is 60m, the difference in the pier’s bottom bending
moment decreases. With different pier heights, the bending
moment of the bottom of the pier is the biggest in Case 2, as
NRBs were used; the bending moments of the bottom of the
pier in Cases 3 and 5 are approximately 60%–70% of that in
Case 2, and in Cases 4 and 6, it is approximately 70%–80%.

As shown in Figure 14(b), the lateral bottom bending
moments of the No. 2 pier in different cases present an
increasing trend with the increase in pier height. When
the pier height is 10–40m, the maximum bending mo-
ment of the bottom of the pier is in Case 1; the maximum
bending moment appears in Case 2 when the pier is
50–60m high, which is slightly bigger than that in Case 1.
*e laws of other seismic response of the bridges are
similar to the law of the longitudinal bending moment of
the bottom of the pier.

Figure 15 shows the trend of the longitudinal and lateral
girder displacements changing with pier height in different
cases. *e displacement of girder increases with the increase
in pier height, and the girder displacement in Case 1 is the
smallest. In the cases that the bridge has bearings, the
displacement of the girder in Case 2 is the maximum, while
the girder displacement in Cases 3 and 5 is approximately
60%–70% of that in Case 2, and in Cases 4 and 6, it is
approximately 70%–80% of that in Case 2.

Figure 16 shows that the longitudinal and lateral dis-
placements of the bearings of the No. 2 pier vary with the
pier height in different cases. In Case 3, the bearing dis-
placement is the smallest, while in Case 2, the bearing
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displacement is the largest. In Figure 16(a), the longitudinal
displacement of the bearings at the No. 2 pier basically
increases first and then decreases with the increase of pier
height. When the pier height is 60m, the displacement of
the bearing decreases greatly. In Figure 16(b), the lateral
bearing displacement basically increases, and only the
bearing displacement in Case 2 exceeds its limiting
displacement.

6.2.2. Seismic Response of the Bridges with Different Span
Lengths. In this section, the pier height of the bridge
remained 50m and the span lengths of the bridge were 35m,

40m, 45m, 50m, 55m, and 60m, i.e., with an increment of
5m. Figure 17 shows that the longitudinal and lateral
bending moments of the No. 2 pier in the different cases
basically increase with the increase of span length. In the
cases that the bridge with bearings, the bending moment at
the bottom of the pier in Case 2 is the largest, while that in
Cases 3 and 5 is approximately 60%–70% of that in Case 2,
and in Cases 4 and 6, it is approximately 70%–80% of that in
Case 2. In Case 1, when the bridge is without bearings, the
longitudinal bending moment of the bottom of the pier is
smaller than that in the other cases, while the lateral bending
moment of the bottom of the pier is larger than that in other
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Figure 13: Displacement of the girder in different cases: (a) under the action of small earthquake; (b) under the action of large earthquake.
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Figure 14: Bottom bending moments of the piers with the change of pier height in different cases: (a) longitudinal; (b) lateral.

Advances in Civil Engineering 17



cases. With the increase of span length, the difference in the
bending moment of the bottom of the pier in various cases
gradually becomes obvious. When the span length is 60m,
the difference of the longitudinal bending moment of the
bottom of the pier decreases slightly.

Figure 18 shows that the longitudinal and lateral dis-
placements of the bearings of the No. 2 pier vary with the
change of span length in different cases. In Case 2, the

bearing displacement is the maximum, while in Case 3, the
bearing displacement is the minimum, which is 50%–60% of
that in Case 2. *e longitudinal and lateral displacements of
the bearings both increase with the increase of span length.
When the span length is 60m, the bearing displacement
decreases slightly in Case 2. However, the displacements of
NRB-2 exceed the limiting displacements under the action of
large earthquake in Case 2 with different span lengths.
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Figure 15: Displacement of girder with the change of pier height in different cases: (a) longitudinal; (b) lateral.
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7. Conclusions

In this paper, the seismic performance of different combi-
nations of rubber isolation bearings for the continuous beam
bridges with different pier heights and span lengths under the
action of small and large earthquakes was studied.*e seismic
effects of the different combinations of rubber bearings on the
displacement, bending moment of pier, and girder dis-
placement of the bridge under the action of earthquakes were
analyzed. *e main conclusions are as follows:

(1) Due to the nonlinear horizontal stiffness of LRBs and
HDRBs, it was proved that the cases in which the

bridge uses LRBs and HDRBs were more effective
than cases with NRBs in reducing the seismic re-
sponse of the continuous bridges with T-beams
under the action of earthquakes. LRBs and HDRB
dissipate seismic energy through yield and damping
effects and show excellent isolation performance
under the action of large earthquakes compared to
that of other bearings.

(2) *e seismic response of the bridge was lower in
Cases 3 and 5 (LRBs andHDRBs) than in Cases 4 and
6 (NRBs + LRBs and NRBs +HDRBs), and much
lower than in Case 2 (NRBs). *e values of the
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Figure 18: Displacement of bearings with the change of span length in different cases: (a) longitudinal; (b) lateral.
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Figure 17: Bottom bending moment of the pier with the change of span length in different cases: (a) longitudinal; (b) lateral.
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physical quantities in Cases 3 and 5 were approxi-
mately 60%–70% of those in Case 2. *e seismic
response of the bridge in Cases 4 and 6 are mostly
between those in Case 2 and those in Cases 3 and 5
(approximately 70%–80% of those in Case 2).
However, Cases 4 and 6 were more economical than
Cases 3 and 5, as the unit price of NRBs is relatively
cheaper than that of LRBs and HDRBs.

(3) No. 2 and No. 3 piers generally have bigger dis-
placement of the tops and bigger shear force and the
bending moments of the bottoms than No. 1 and No.
4 piers, especially in Cases 4 and 6 under the action of
small earthquakes. More seismic loads are trans-
mitted to the No. 2 and No. 3 piers due to the fact
that No. 1 andNo. 4 piers have smaller stiffness of the
bearings than No. 2 and No. 3 piers. However, the
bearings with lower stiffness have larger displace-
ment than those with higher stiffness under the
action of earthquakes. *e larger difference in
stiffness of the bearings between the side and middle
piers leads to more unbalanced seismic response of
each pier of the bridge structure.

(4) No matter how the pier height or the span length of
the bridge changes, the law of influence of the bearing
combinations on the seismic response of a bridge is
similar. *e seismic response of the bridge in each
case was relatively close to each other when the pier
height and span length were small, and the difference
in the seismic response values of each case gradually
increased as the pier height and span length increased.
LRBs andHDRBs on all the piers aremore suitable for
isolation design for the continuous beam bridge with
longer span and higher pier. In Cases 4 and 6, the use
of cheaper NRBs underneath some girders is more
reasonable for the continuous beam bridge with
shorter span and lower pier.

(5) In Case 1, the piers and the girder were fixed without
bearings. When the pier height was lower, the pier
stiffness was larger, and the bottom bendingmoment
of the pier was larger; as the pier height increased, the
bendingmoment of the bottom of the pier decreased,
along with the pier stiffness, which was more obvious
when the pier height was 40m.

In this paper, the influence of the collision of adjacent
bridges and different site conditions for the isolation effect of
the bridge is not considered. In the future, studies will be carried
out on the constructability, availability, and technical soundness
of the isolation bearings for continuous beam bridges.

Data Availability

All the data used to support the findings of this study are
included in the paper.

Conflicts of Interest

*e authors declare that they have no conflicts of interest.

Acknowledgments

*e authors are grateful for the financial support from the
Shaanxi Natural Science Foundation (Grant No.
2018JQ5073) and Fundamental Research Funds for the
Central Universities (Grant No. CHD300102210517).

References

[1] N. Xiang andM. Shahria Alam, “Comparative seismic fragility
assessment of an existing isolated continuous bridge retro-
fitted with different energy dissipation devices,” Journal of
Bridge Engineering, vol. 24, no. 8, Article ID 0001425, 2019.

[2] Y. Li, Z. Zong, and B. Yang, “Experimental study on seismic
performance of concrete continuous bridge with HDR
bearings,” Journal of 9e Institution of Engineers: Series A,
vol. 101, pp. 1–22, 2020.

[3] N. Xiang, M. S. Alam, and J. Li, “Shake table studies of a
highway bridge model by allowing the sliding of laminated-
rubber bearings with and without restraining devices,” En-
gineering Structures, vol. 171, pp. 583–601, 2018.

[4] Y. Zhang, Y. Shi, and D. Liu, “Seismic effectiveness of multiple
seismic measures on a continuous girder bridge,” Applied
Sciences, vol. 10, no. 2, p. 624, 2020.

[5] A. K. M. T. A. Khan, M. A. R. Bhuiyan, and S. B. Ali, “Seismic
responses of a bridge pier isolated by high damping rubber
bearing: effect of rheology modeling,” International Journal of
Civil Engineering, vol. 17, no. 11, pp. 1767–1783, 2019.

[6] N. Xiang and J. Li, “Experimental and numerical study on
seismic sliding mechanism of laminated-rubber bearings,”
Engineering Structures, vol. 141, pp. 159–174, 2017.

[7] A. M. Billah and B. Todorov, “Effects of subfreezing tem-
perature on the seismic response of lead rubber bearing
isolated bridge,” Soil Dynamics and Earthquake Engineering,
vol. 126, Article ID 105814, 2019.

[8] E. Tubaldi, S. A. Mitoulis, and H. Ahmadi, “Comparison of
different models for high damping rubber bearings in seis-
mically isolated bridges,” Soil Dynamics and Earthquake
Engineering, vol. 104, pp. 329–345, 2018.

[9] W. Zhang, H. Wu, H. Hwang et al., “Bearing behavior of
reinforced concrete column-isolated footing substructures,”
Engineering Structures, vol. 200, Article ID 109744, 2019.

[10] L.-P. Guay and N. Bouaanani, “Assessment of low temper-
ature exposure for design and evaluation of elastomeric bridge
bearings and seismic isolators in Canada,” Canadian Journal
of Civil Engineering, vol. 43, no. 9, pp. 851–863, 2016.

[11] X. Chen and C. Li, “Seismic performance of tall pier bridges
retrofitted with lead rubber bearings and rocking foundation,”
Engineering Structures, vol. 212, Article ID 110529, 2020.

[12] F. Paolacci, R. Giannini, andM. De Angelis, “Seismic response
mitigation of chemical plant components by passive control
techniques,” Journal of Loss Prevention in the Process In-
dustries, vol. 26, no. 5, pp. 924–935, 2013.

[13] W. Wang and X. Wang, “Tests, model, and applications for
coned-disc-spring vertical isolation bearings,” Bulletin of
Earthquake Engineering, vol. 18, no. 1, pp. 357–398, 2020.

[14] N. Nakata, R. Erb, and M. Stehman, “Mixed force and dis-
placement control for testing base-isolated bearings in real-
time hybrid simulation,” Journal of Earthquake Engineering,
vol. 23, no. 6, pp. 1055–1071, 2019.

[15] F. Mazza and A. Vulcano, “Experimental tests and analytical
modelling of a scaled isolated structure on sliding and elas-
tomeric bearings,” Advances in Materials Science and Engi-
neering, vol. 2016, Article ID 2942194, 15 pages, 2016.

20 Advances in Civil Engineering



[16] N. D. Oliveto, A. A.Markou, and A. Athanasiou, “Modeling of
high damping rubber bearings under bidirectional shear
loading,” Soil Dynamics and Earthquake Engineering, vol. 118,
pp. 179–190, 2019.

[17] K. Yamamoto, K. Fujita, and I. Takewaki, “Instantaneous
earthquake input energy and sensitivity in base-isolated
building,” 9e Structural Design of Tall and Special Buildings,
vol. 20, no. 6, pp. 631–648, 2011.

[18] L. R. Pradilla and G. C. Cho, “Uso de aisladores de base en
puentes de concreto simplemente apoyados,” Tecnura, vol. 16,
no. 34, pp. 103–124, 2012.

[19] D. Losanno, H. A. Hadad, and G. Serino, “A case study on
performance of isolated bridges under near-fault ground
motion,” Urban and Civil Engineering, vol. 11, no. 4,
pp. 387–392, 2017.

[20] B. Wang, Q. Han, and J. Jia, “Seismic response analysis of
isolated offshore bridge with friction sliding bearings,”
Earthquakes and Structures, vol. 16, no. 6, pp. 641–654, 2019.

[21] W. Zheng, H. Wang, H. Hao et al., “Performance of bridges
isolated with sliding-lead rubber bearings subjected to near-
fault earthquakes,” International Journal of Structural Sta-
bility and Dynamics, vol. 20, no. 2, Article ID 2050023, 2020.

[22] H. Anajafi, K. Poursadr, M. Roohi, and E. Santini-Bell, “Ef-
fectiveness of seismic isolation for long-period structures
subject to far-field and near-field excitations,” Frontiers in
Built Environment, vol. 6, Article ID 00024, 2020.

[23] L. Zhen, L. Dejian, P. Leihua, L. Yao, C. Kepei, and
W. Qianqiu, “Study on the damping efficiency of continuous
beam bridge with constant cross-section applied by lead
rubber bearings and fluid viscous dampers,” Noise & Vi-
bration Worldwide, vol. 51, pp. 85–92, 2020.

[24] T. Takeuchi, M. Uchida, and R. Matsui, “Response charac-
teristics of spherical sliding bearings and superstructure
subject to bidirectional groundmotions,” Journal of Structural
and Construction Engineering (Transactions of AIJ), vol. 82,
no. 739, pp. 1339–1347, 2017.

[25] Y. Bao, T. C. Becker, T. Sone, and H. Hamaguchi, “To limit
forces or displacements: collapse study of steel frames isolated
by sliding bearings with and without restraining rims,” Soil
Dynamics and Earthquake Engineering, vol. 112, pp. 203–214,
2018.

[26] F. H. Dezfuli and M. Shahria Alam, “Performance-based
assessment and design of FRP-based high damping rubber
bearing incorporated with shape memory alloy wires,” En-
gineering Structures, vol. 61, no. 61, pp. 166–183, 2014.

[27] P. Tan, J.-d. Huang, C.-M. Chang, and Y. Zhang, “Failure
modes of a seismically isolated continuous girder bridge,”
Engineering Failure Analysis, vol. 80, pp. 57–78, 2017.

[28] H. S. Gu and Y. Itoh, “Ageing behaviour of natural rubber and
high damping rubber materials used in bridge rubber bear-
ings,” Advances in Structural Engineering, vol. 13, no. 6,
pp. 1105–1113, 2010.

[29] B. D. Liu, S. Z. Yang, W. L. Li, and M. Q. Zhang, “Damping
dissipation properties of rubberized concrete and its appli-
cation in anti-collision of bridge piers,” Construction and
Building Materials, vol. 236, Article ID 117286, 2020.

[30] J.-C. Li, H.-S. Zhang, X.-Y. Zhao et al., “Development of high
damping natural rubber/butyl rubber composites compati-
bilized by isobutylene-isoprene block copolymer for isolation
bearing,” Express Polymer Letters, vol. 13, no. 8, pp. 686–696,
2019.

[31] A. A. Markou and G. D. Manolis, “Numerical solutions for
nonlinear high damping rubber bearing isolators: newmark’s
method with netwon-raphson iteration revisited,” Journal of

9eoretical and Applied Mechanics, vol. 48, no. 1, pp. 46–58,
2018.

[32] W. Wei, P. Tan, Y. Yuan, and H. Zhu, “Experimental and
analytical investigation of the influence of compressive load
on rate-dependent high-damping rubber bearings,” Con-
struction and Building Materials, vol. 200, pp. 26–35, 2019.

[33] Q. Rong, “Optimum parameters of a five-story building
supported by lead-rubber bearings under near-fault ground
motions,” Journal of Low Frequency Noise, Vibration and
Active Control, vol. 39, no. 1, pp. 98–113, 2020.

[34] K. Bhowmik and P. Saha, “Seismic response control of
benchmark highway bridge using passive hybrid control
systems,” International Journal of Materials and Structural
Integrity, vol. 11, no. 4, pp. 155–174, 2017.

[35] G. Augusti, “Dynamics of structures: theory and applications
to earthquake engineering,” Meccanica, vol. 31, no. 6,
pp. 719-720, 1996.

[36] J. Guo, J. Zhong, X. Dang, and W. Yuan, “Influence of
multidirectional cable restrainer on seismic fragility of a
curved bridge,” Journal of Bridge Engineering, vol. 24, no. 3,
Article ID 04019001, 2019.

[37] H. Gou, W. Zhou, Y. Bao, X. Li, and Q. Pu, “Experimental
study on dynamic effects of a long-span railway continuous
beam bridge,” Applied Sciences, vol. 8, no. 5, p. 669, 2018.

[38] E. Choi, R. Desroches, and B. Nielson, “Seismic fragility of
typical bridges in moderate seismic zones,” Engineering
Structures, vol. 26, no. 2, pp. 187–199, 2004.

[39] J. Zhang and Y. Huo, “Evaluating effectiveness and optimum
design of isolation devices for highway bridges using the
fragility function method,” Engineering Structures, vol. 31,
no. 8, pp. 1648–1660, 2009.

[40] M. S. Alam, M. A. Youssef, and M. Nehdi, “Analytical pre-
diction of the seismic behaviour of superelastic shape memory
alloy reinforced concrete elements,” Engineering Structures,
vol. 30, no. 12, pp. 3399–3411, 2008.

[41] F. D. Julian, T. Hayashikawa, and T. Obata, “Seismic per-
formance of isolated curved steel viaducts equipped with deck
unseating prevention cable restrainers,” Journal of Con-
structional Steel Research, vol. 63, no. 2, pp. 237–253, 2007.

[42] A. H. Billah and M. S. Alam, “Seismic performance of con-
crete columns reinforced with hybrid shape memory alloy and
fiber reinforced polymer bars,” Construction and Building
Materials, vol. 28, no. 1, pp. 730–742, 2012.

[43] N. Xiang and J. Li, “Utilizing yielding steel dampers to
mitigate transverse seismic irregularity of a multi-span con-
tinuous bridge with unequal height piers,” Engineering
Structures, vol. 205, Article ID 110056, 2020.

[44] C. P. Providakis, “Effect of LRB isolators and supplemental
viscous dampers on seismic isolated buildings under near-
fault excitations,” Engineering Structures, vol. 30, no. 5,
pp. 1187–1198, 2008.

[45] S. A. Mitoulis, “Uplift of elastomeric bearings in isolated
bridges subjected to longitudinal seismic excitations,”
Structure and Infrastructure Engineering, vol. 11, no. 12,
pp. 1600–1615, 2015.

[46] D. Cardone, M. Dolce, and G. Palermo, “Direct displacement-
based design of seismically isolated bridges,” Bulletin of
Earthquake Engineering, vol. 7, no. 2, pp. 391–410, 2009.

[47] Z. Li, Ri Gao, and W. Jia, “Design and experimental study on
shock-absorbing steel bar with limit function for bridges,”
Shock and Vibration, vol. 2019, Article ID 3096291, 10 pages,
2019.

[48] L. Jiang, X. Kang, C. Li, and G. Shao, “Earthquake response of
continuous girder bridge for high-speed railway: a shaking

Advances in Civil Engineering 21



table test study,” Engineering Structures, vol. 180, pp. 249–263,
2019.

[49] K. Kalfas, S. A. Mitoulis, and D. Konstantinidis, “Influence of
the steel reinforcement on the vulnerability of elastomeric
bearings,” ASCE Journal of Structural Engineering, vol. 146,
no. 10, Article ID 04020195, 2020.

[50] Y. Li, J. J. Wang, and J. B. Liu, “Seismic performance of a
multi-span rc highway bridge with high damping rubber
bearings,” Key Engineering Materials, vol. 540, pp. 69–78,
2013.

[51] K. N. Kalfas, S. A. Mitoulis, and K. Katakalos, “Numerical
study on the response of steel-laminated elastomeric bearings
subjected to variable axial loads and development of local
tensile stresses,” Engineering Structures, vol. 134, pp. 346–357,
2017.

[52] X. Wang, B. Zhu, and S. Cui, “Research on collapse process of
cable-stayed bridges under strong seismic excitations,” Shock
and Vibration, vol. 2017, Article ID 7185281, 18 pages, 2017.

[53] A. R. Bhuiyan and M. Shahria Alam, “Seismic performance
assessment of highway bridges equipped with superelastic
shape memory alloy-based laminated rubber isolation bear-
ing,” Engineering Structures, vol. 49, pp. 396–407, 2013.

[54] C. Lu, M. Gui, and S. Lai, “A numerical study on soil–group-
pile–bridge-pier interaction under the effect of earthquake
loading,” Journal of Earthquake and Tsunami, vol. 8, no. 1,
Article ID 1350037, 2014.

[55] M. A. R. Bhuiyan andM. Shahria Alam, “Seismic vulnerability
assessment of a multi-span continuous highway bridge fitted
with shape memory alloy bars and laminated rubber bear-
ings,” Earthquake Spectra, vol. 28, no. 4, pp. 1379–1404, 2012.

[56] L. Wang, J. Su, Z. Gu et al., “Numerical study on flow field and
pollutant dispersion in an ideal street canyon within a real tree
model at different wind velocities,” Computers and Mathe-
matics With Applications, 2020.

[57] J. Li, N. Xiang, H. Tang, and Z. Guan, “Shake-table tests and
numerical simulation of an innovative isolation system for
highway bridges,” Soil Dynamics and Earthquake Engineering,
vol. 86, pp. 55–70, 2016.

[58] J. Yi, H. Yang, and J. Li, “Experimental and numerical study
on isolated simply-supported bridges subjected to a fault
rupture,” Soil Dynamics and Earthquake Engineering, vol. 127,
Article ID 105819, 2019.

[59] Y.-I. Kim and G.-J. Park, “Nonlinear dynamic response
structural optimization using equivalent static loads,” Com-
puter Methods in Applied Mechanics and Engineering, vol. 199,
no. 9–12, pp. 660–676, 2010.

22 Advances in Civil Engineering



Research Article
Effect of Earthquake Ground Motion Duration on the Seismic
Response of a Low-Rise RC Building

Martin O. Martineau, Alvaro F. Lopez , and Juan C. Vielma
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+is paper investigates the effect of earthquake ground motion duration on the seismic response of a low-rise reinforced concrete
shear wall building. Two sets of spectrally equivalent ground motion sets were determined to isolate the effect of duration from
other earthquake record characteristics. A numerical model that accounts for P-delta effects and degradation of strength and
stiffness of the structural elements was used. Detailed nonlinear dynamic analysis for both the design and collapse levels of shaking
was performed, considering the spectral acceleration at the fundamental period of vibration with intensity measure and material
strains as engineering demand parameters. +e results showed that at the design level of shaking, slightly larger interstory drifts
were obtained under the short-duration events. However, the maximum values for interstory drifts were small, and minor damage
is expected in the structure. When both seismic record sets were incrementally scaled until collapse, a slight increase in the
material strains was found under the short-duration seismic events. Overall, it is indicated that ground motion duration does not
influence the seismic response of low-rise buildings with low deformation capacity.

1. Introduction

In recent years, there has been a resurgence interest in
studying the effect of ground motion duration on the seismic
performance and collapse assessment of structures. +is
topic’s interest has been primarily due to the field observation
after large-magnitude long-duration earthquakes such as the
2010 Maule, Chile (Mw8.8), and the 2011 Tohoku, Japan
(Mw9.0), megathrust earthquakes, which caused significant
structural damage to critical infrastructures like bridges and
buildings [1–4]. Moreover, such events and others from
subduction regions have made available new long-duration
strong motion records allowing a better study of the effects of
earthquake duration on structural performance. For instance,
the lack of available long-duration ground motion records in
the past required the generation of artificial records to address
this topic adequately [5–7]. +e previous events have shown
that ground motion duration should be duly considered in
structural design. However, the effect of ground motion
duration is not yet explicitly considered as a parameter in

current seismic design codes [8–10] and performance as-
sessment throughout the world [11, 12].

A vast number of research studies on the effects of
ground motion duration on structural performance have
been reported in the literature in the past decades, often with
inconclusive results due to the parameters used. On the one
hand, investigations using cumulative response measures,
such as the number of inelastic cycles or energy dissipation,
showed a good correlation between duration and damage
[13–16]. On the other hand, research studies using only peak
response measures, such as peak deformation or peak
interstory drift, did not show a significant influence of
duration on structural response [15, 17, 18]. However, the
inadequacy of structural models in capturing the effect of
energy capacity degradation, cyclic and in-cycle strength
degradation, and scarcity of long-duration ground motion
records made it difficult to address duration effects in
previous research adequately [19]. Likewise, the problem of
isolating duration from other key explanatory variables of
the ground motion, such as frequency content, spectral
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amplitude, and spectral shape, added another challenge
since the spectral content of the earthquake record can be
modified [20]. In this regard, using spectrally equivalent
ground motion pairs for isolating the effect of duration has
made available a more robust way of analyzing ground
motions for nonlinear dynamic analyses since the spectral
content is almost not altered [21, 22].

More recent investigations employing numerical models
that captured structural components’ degradation have shown
that long-duration ground motions can induce higher defor-
mations and affect the structural collapse capacity [22–25].
Chandramohan et al. [22] presented results showing that long-
duration records induce higher deformations for large shaking
intensities. By analyzing 2D models of a modern 5-story steel
special moment frame and a single reinforced concrete (RC)
bridge pier, they concluded that the median collapse capacity of
the structural systems could experience a reduction of 29% and
17%, respectively, when the structures are subjected to long-
duration motions. Raghunandan and Liel [23] studied the
influence of duration on the collapse capacity of eight non-
ductile RC frames and nine modern ductile RC frames, using
2D nonlinear models. +e authors concluded that earthquake
duration plays a significant role in the collapse resistance of the
structural systems. +ey reported reductions in the collapse
resistance ranging from 26% to 56% due to duration effects,
impacting the buildings’ vulnerability. Barbosa et al. [24]
quantified the influence of duration on the damage (i.e., not
only at collapse stage) of 3-, 9-, and 20-story steel buildings
designed according to pre-Northridge codes. Spectrally
equivalent records from subduction and crustal earthquakes
were used as input in the 2D nonlinear models. It was con-
cluded that the increase in energy dissipation demands in the
structures subjected to long-duration motions significantly
increased the expected levels of structural damage at the higher
intensities of shaking. Belejo et al. [26] studied the seismic
behavior of a substandard plan-asymmetric RC framed
building through 3D nonlinear modeling and found that
groundmotion duration influence is evident only for intensities
leading to the collapse of the structure. +is result agrees with
the conclusions reported by Raghunandan and Liel [23] since
structural systems with low ductile capacity are not influenced
by earthquake duration due to the inability to reach large
deformations and dissipate energy before failure. Bravo-Haro
and Elghazouli [25] analyzed 50 steel moment frames through
detailed nonlinear dynamic analysis using a suite of 77 spec-
trally equivalent pairs of short and long earthquake records.
Similar to previous studies, they reported that the effects of
duration are significant for structures showing high rate of
cyclic degradation levels. Reductions of about 20% on the
collapse capacity were observed due to duration, reaching up to
a 40% reduction in buildingswith a high cyclic degradation rate.
Samanta and Pandey [27] studied the effect of duration on a 15-
story RC building, and they found that earthquake duration can
become a determining factor in the levels of maximum peak
story drift ratio under low hazard levels. Bhanu et al. [19] found
a reduction in ductile RC framed structures’ dynamic defor-
mation capacity under the increased cyclic demands imposed
by long-duration ground motions. Vega and Montejo [28]
found that long-duration records impose larger inelastic

demands and that the effect of duration is more detrimental in
relatively rigid structures and poorly detailed flexible structures.
Liapopoulou et al. [29] investigated the effect of duration on a
series of ductile SDOF models and reported up to 60% re-
duction in the collapse capacity due to duration effects in the
case of flexible bilinear systems under low levels of P-Δ effect.

On the other hand, the structural response to long-du-
ration events is directly related to ductility, a property necessary
to study under earthquake-induced deformations on buildings.
Nonetheless, traditional analysis methods do not consider the
effects of earthquake duration and the use of deteriorating
structural models that directly affect the structure’s demand
[19, 30]. +erefore, the assessment of the effects of earthquake
groundmotion duration on these structures is not feasible. As a
matter of fact, current seismic design practice for reinforced
concrete structures in Chile is based on the conventional code-
prescribed force method. However, after the recent occurrence
of significant seismic events, such as the 2010 Maule earth-
quake, changes to the regulation were introduced afterwards to
improve the structural response of walls by ensuring the
ductility of these and including recommendations for esti-
mating structural deformations. It is well known that Chile is
located in one of the most seismically active regions of the
world, where the geological conditions (from a tectonic point
of view) near the Chilean coast mostly consist of interplate
areas where subduction events occur frequently and are
generally of large magnitude and also of long duration [31].
+is last feature has not been considered in the seismic-re-
sistant design despite the local conditions; therefore, it is
necessary to promote research works that include duration
effects on structural behavior.

In this paper, the effect of ground motion duration on the
seismic performance of RC building structures is investigated. A
sample four-story RC shear wall building is used as a case study.
+is building represents a typical low-rise residential building
located in Central Chile designed according to current Chilean
seismic provisions. A 3D nonlinear finite element model of the
sample structure is developed in SeismoStruct [32], which allows
incorporating the in-cycle and cyclic deterioration of stiffness
and strength as well as the fiber modeling approach with
material inelasticity for structuralmembers. A set of 20 spectrally
equivalent pairs of long and short earthquake records is used to
evaluate the effects of ground motion duration on the structural
response. Particular attention is given to effects of duration on
material strains and interstory drift ratios. +e results in this
investigation indicate that ground motion duration does not
play a key role in the damage state of the low-rise building.

2. Sample Building and Model Description

2.1. General Description. +e sample structure corresponds
to an existing low-rise RC shear wall building of which
structural configuration is typical of residential housing built
in Chile. +e prototype building is a 4-story structure with a
story height of 2.44m.+e building’s lateral load and gravity-
resisting systems comprise interior and outer RC shear walls
in both longitudinal and transverse directions and 12 cm RC
slabs at each floor. +e typical floor plan and elevations are
illustrated in Figure 1.+e compressive strength of concrete is
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Figure 1: Continued.
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assumed to be 20MPa, and the tensile strength of rein-
forcement is 420MPa. +e floor area is about 120m2 per
story, and the dead and live loads were calculated approxi-
mately as 27.9 kN/m2 and 6.7 kN/m2, respectively. +e
building was analyzed as per current Chilean seismic pro-
visions [9] and the ACI318-14 [33] requirements. +e
building is assumed to be located in seismic zone 3 on soil
class D, according to the Chilean seismic code NCh433 [9]
classification. +e seismic force reduction factor (R) pre-
scribed for this system is 4.

2.2. Modeling Approach. Linear and nonlinear numerical
models were considered in this study. Given that the building
already exists onsite, the structural element’s design was not
carried out since dimensions of the elements and the rein-
forcement layout for each of the elements were available.

Instead, a design check was performed, confirming that their
behavior was flexural dominated.+e structural drawings were
therefore used for modeling the building. +e 3D linear elastic
model used for this study was first generated using the software
package ETABS [34] to determine the structure’s main dy-
namic properties using the response spectrum analysis as per
current Chilean seismic regulations [9]. As a result, the cracked
fundamental periods of vibrations obtained for the structure
were 0.095 and 0.088 seconds in the x- and y-directions, re-
spectively, for the second and third main vibration modes (the
modes that accumulate 90% of the mass participation).

Despite the software’s capabilities for the linear static
analysis, it is not possible to conduct robust nonlinear dy-
namic analyses. +is aspect is relevant for this study as its
purpose is to evaluate the effects of ground duration on the
seismic behavior of the structure. +erefore, numerical
models that accurately characterize structural performance at
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Figure 1: Sample residential housing: (a) typical floor plan of the building and (b) elevations of outer longitudinal and inner transverse shear
walls.
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large nonlinear demands should be duly used. To this end,
structural models that can capture the in-cycle and cyclic
degradation of strength and stiffness of elements are needed
[35], since it is the main factor affected by the duration of
earthquake records.+erefore, the SeismoStruct software [32]
was used to develop a continuous 3D nonlinear numerical
model of the building. +is software allows to perform,
among several other options, nonlinear dynamic analysis by
using accelerograms so that the corresponding loads are
applied to the structure. A rigid diaphragm is assumed for
each floor. Soil-structure interaction was not considered in
this study. +e 3D view, floor plan, and elevation of the
numerical model of the structure are illustrated in Figure 2.

2.3.Material andElementModels. As previously mentioned,
the nonlinear finite element model for the building was
developed in SeismoStruct [32]. To this end, the rein-
forcement details specified in the structural drawings were
included in the model. +e shear walls were modeled using
fiber elements with force-based (FB) formulation [36–38]
and using a distributed inelasticity approach along the el-
ement length. Gauss–Lobatto numerical integration quad-
rature rule is used for the FB elements. +e fiber-based
element model used for the shear walls is presented in
Figure 3. A linear elastic hinge at midheight of the walls at
each story was provided to capture the elastic shear de-
formations. It is worth mentioning that the shear hinges’
stiffness was equal to the cracked shear area of the walls
multiplied by the shear modulus and divided by the story
height. A factor of 0.1 was applied to the wall gross area to
account for the loss of the area due to cracking [39].

+e concrete material was defined using the uniaxial
constant confinement model that follows the constitutive re-
lationship proposed by Mander et al. [40] and the cyclic re-
sponse theory proposed by Martinez-Rueda and Elnashai [41].
+e confinement effects provided by the lateral transverse
reinforcement were modeled with a confinement factor, de-
fined as the ratio between the confined and unconfined
compressive strengths of concrete. In SeismoStruct [32], the
confinement factor is calculated using the confinement model
proposed byMander et al. [40]. Table 1 presents the fivemodel-
calibrating parameters defined to fully describe the mechanical
features of the concrete. Regarding the reinforcing steel, it was
modeled using a uniaxial steel model based on the stress-strain
relationship proposed by Menegotto and Pinto [42], coupled
with the isotropic hardening rules developed by Filippou et al.
[43]. Nine model-calibrating parameters fully describe the
mechanical characteristics of the reinforcing steel, which are
presented in Table 2. +ese material models were generated
using data calibrated in the laboratory and captured the effect
of cycles on sections of reinforced concrete with transverse
reinforcement and reinforcement steel elements. +e reason
thesemodels were used is related to the fact that they are widely
accepted by the research community in structural engineering
and that they are also well adapted to the events recorded over
the past several years in terms of structural performance. +e
hysteresis rules used for each material model are shown in
Figure 4.

3. Ground Motion Sets

Two paired sets of spectrally equivalent long- and short-
duration records were selected to investigate the effect of
ground motion duration on the sample building model.
Large-magnitude earthquakes occurred in subduction zones
were chosen for the long-duration set and obtained from the
1985 Valparaiso and 2010 Maule, Chile [44], and the 2003
Hokkaido and 2011 Tohoku, Japan [45], earthquakes.
Similarly, ground motions from shallow crustal events were
chosen from the PEER NGA-West [46] database. Although
there is still no consensus in the earthquake engineering
community on a standard ground motion duration defi-
nition, in this study, the 5% to 95% significant duration
(Ds5−95%

) metric was used. +is duration metric is defined as
the time required to develop the Arias intensity [47] in the
range between 5 and 95% of the total energy of the record
[48], as presented in equation (1). Here, a(t) corresponds to
the ground motion acceleration record, T is the total du-
ration of the recording, tR is the desired time over which
percentage of the total energy is reached (e.g., 90%), t is the
time integration parameter, and R is the calculated fraction
of the Arias intensity index:

IA(R%) � 100
tR

0
(a(t))

2dt 
T

0
(a(t))

2dt. (1)

+e criterion used to categorize a ground motion as a
long or short duration was based on the threshold proposed
by Chandramohan et al. [22] upon which a significant
duration, Ds5−95%

, is higher than 25 s for long duration and
lower than 25 s for a short duration. +e selected long-
duration ground motions are summarized in Table 3. For
brevity, only the component with higher PGA is listed in the
table.

To isolate the effect of duration from other ground
motion characteristics such as intensity and spectral shape,
the methodology proposed by Al Atik and Abrahamson [49]
was used to match each ground motion set spectrally. +is
methodology allows us to obtain spectral equivalence be-
tween the long- and short-duration records without having
to correct their baseline, which is advantageous since this
method ensures the stability and convergence in the cal-
culations. Table 4 summarizes the selected short-duration
events and records. +ese short-duration records were
obtained exclusively from worldwide shallow crustal
earthquakes. Figures 5(a) and 5(b) depict the geometric
mean and standard deviation spectra for the long- and short-
duration records. Moreover, Figure 5(c) compares both
geometric mean spectrums, indicating a good agreement
between both ground motion sets.

4. Nonlinear Time-History Analysis

A dynamic time-history analysis was performed in this
study. Accordingly, the two sets of groundmotions were first
scaled to match the NCh 433 design response spectrum for
seismic zone 3 and soil class D [9] and then uniformly
applied at the base of the building model. +e resulting
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maximum interstory drifts for the sample building are
shown in Figure 6 and were obtained by gathering the
available information on the nodes of the structure asso-
ciated with the center of gravity of the four floors. +e
NCh433 [9] uses interstory drifts as a damage control pa-
rameter and limits the building to a maximum interstory
drift of 0.002 of the story height for linear elastic analysis. For
the immediate occupancy (IO) evaluation used in the per-
formance-based procedure indicated in the ASCE/SEI 41-17
[11], the maximum interstory drift is limited to 0.004. As

seen in Figure 6, none of the sets surpasses these limits,
which might be attributed to the great lateral stiffness of the
sample building due to the significant presence of shear
walls. When comparing the values obtained for both ground
motion sets, there is a slight increase in the interstory drifts
for the short-duration ground motion set compared to those
for long-duration earthquakes. However, it should be
mentioned that the values obtained in both cases are not
significantly far from each other, with an increase of 20.05%
for short-duration events. It is, therefore, not possible to
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Figure 2: Low-rise RC building model for numerical analysis: (a) 3D view, (b) typical floor layout, and (c) elevation A1-5.

Figure 3: Discretized FB element model for RC shear walls.
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conclude that the short-duration events generate a signifi-
cant increase in drifts compared to the long-duration events;
thus, an incremental dynamic analysis (IDA) was then
performed to have a deeper understanding of this
phenomenon.

As stated previously, to better estimate the influence of
ground motion duration, a series of IDAs were performed
to the sample structure, obtaining results for each
structural element. IDA is a parametric dynamic analysis
technique used in earthquake engineering to conduct a
comprehensive assessment of the seismic performance of
structures under seismic loads [50]. +e procedure in-
volves multiple nonlinear dynamic analysis of a structural
model under scaled ground motions until collapse, thus
producing curves of engineering demand parameter
(EDP) as a damage measure (DM) versus an intensity
measure (IM). +e ground motions are characterized by
the IMs, which should be related to the structural response
of interest to reduce the number of time-history analyses
[51]. Among the existing IMs, the peak ground acceler-
ation (PGA), peak ground velocity (PGV), spectral ac-
celeration, and Arias intensity are the most widely used.
+e DM can be any structural parameter related to per-
formance limit states of the structure corresponding to
several damage levels. Typical options are the global and
local maximum interstory drift, global and local maxi-
mum ductility, and material strain limit, among others. In
this study, the spectral acceleration at the fundamental
period of vibration of the structure with 5% damping Sa
(T0, 5%) while different EDPs was analyzed. Finally, the
selected EDPs were the concrete and steel rebar strains for
the IDA. It is worth to mention that the collapse stage was
defined as the instant at which the main structural walls of
the structure failed.

Given that the results for the maximum interstory drift
obtained from the nonlinear time-history analysis at the
design level of shaking as per Chilean seismic regulations [9]
were rather low and not conclusive, the results of the IDA are

presented in Figures 7 and 8 for the outer wall of the
structure, identified as “A 1–4” according to the floor plan
shown in Figure 2. Figure 7 shows slightly higher steel rebar
peak strains for the short-duration ground motions com-
pared to the long-duration set. In particular, there is an
increase of 8% in the peak strain of the steel rebar for short-
duration events. However, when observing the yield point
for the reinforcement steel, 8 cases exceed this point for
long-duration events, while 7 cases exceed this point for
short-duration events.

Similarly, when considering concrete strains as EDP, the
results showed a slight tendency to obtain higher defor-
mations under the short-duration ground motion set. For
example, Figure 8 shows 2 cases in which the cracking of
concrete occurs at a deformation value exceeding the de-
termined value of 2 per thousand. Meanwhile, for the long-
duration events, there is only one case for which this limit is
exceeded, as can be seen in Figure 8. +e obtained peaks of
concrete strain show an increase of 17% for the short-du-
ration suite compared to the long-duration suite for a PGA
of 3.8 (g).

Overall, it is generally possible to observe a slight
increase in the demand on the structure under the short-
duration ground motion set. In this regard, for this case
study and to a slightly greater extent, the demand on the
structure in terms of the chosen EDPs was higher under
the short-duration earthquakes records than the long-
duration earthquakes records although minimal damage
is expected under both sets of records. +is phenomenon
should be highlighted since the previous results
[22–24, 30] have shown that there are higher levels of
deformations, therefore more damage induced by long-
duration seismic records. However, the unalike results
obtained in this research are mainly attributed to the low
level of deformation exhibited by the sample structure,
which can be supported by the obtained interstory drift
values. It should be noted that the structure under
consideration was a rather rigid building, with a large

Table 1: Data required to generate the concrete stress-strain curve.

Value Description
fc 25MPa Mean compressive strength
Ec 23,500MPa Modulus of elasticity
ft 2.5MPa Maximum tension strength
εc −0.0022 Strain at peak strength in compression
εt −0.0020 Strain at peak strength in tension

Table 2: Data required to generate the stress-strain curve of reinforcing steel.

Value Description
Es 25MPa Modulus of elasticity
fy 2×105MPa Yield strength
μ 0.005 Strain hardening parameter
R0 20 Transition curve initial shape parameter
A1 18.50 Transition curve shape calibrating coefficient
A2 0.15 Transition curve shape calibrating coefficient
A3 0.00 Isotropic hardening calibrating coefficient
A4 1.00 Isotropic hardening calibrating coefficient
b 0.1 Fracture/buckling strain
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presence of walls and a low height, which restricted the
deformation capacity and energy dissipation capacity
before failure considering how the building was struc-
tured. +e obtained results confirmed that for structural
systems with low ductility capacity, the demand would
not be influenced by ground motion duration [23].

5. Conclusions

+is paper examined the influence of earthquake ground
motion duration on the seismic performance of a low-rise
RC shear wall building typical of Chilean residential con-
struction. A 3D nonlinear finite element model was
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Figure 4: Constitutive models used in the nonlinear numerical model: (a) concrete and (b) reinforcing steel.

Table 3: Long-duration set summary.

Earthquake Magnitude Year Station PGA (g) Significant duration (s)

Valparaiso, Chile 7.8 1985
Cauquenes
Endesa
La Ligua

0.11
0.13
0.18

51.10
44.95
28.35

Hokkaido, Japan 8.3 2003 Shibetsu
Honbetsukai

0.50
0.48

32.00
26.96

Maule, Chile 8.8 2010
Viña Centro
Valparaı́so
Matanzas

0.33
0.30
0.34

25.65
27.15
42.15

Tohoku, Japan 9.0 2011 Tohwa
Okhuma

0.81
0.70

58.20
28.10

Table 4: Short-duration set summary.

Earthquake Magnitude Year Station PGA (g) Significant duration (s)
Cape Mendocino, USA 7.0 1985 Rio Dell Pass 0.55 15.34
Friuli, Italy 6.5 1976 Tolmezzo 0.35 16.96
Hector Mine 7.1 1999 Hector 0.34 11.65
Imperial Valley, 6.5 1979 El Centro Array#1 0.38 17.05
Loma Prieta 6.9 1989 Gilroy Array#3 0.56 6.37
Northridge 6.7 1994 Canyon Country 0.48 5.56
Northridge 6.7 1994 Beverly Hills 0.52 9.21
San Fernando 6.6 1971 LA-Hollywood 0.21 10.49
Superstition Hill 6.5 1987 El Centro Imp. Co. 0.36 16.05
Superstition Hill 6.5 1987 Poe Road (temp) 0.45 13.81
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Figure 6: Interstory drift results for the 4-story model as per the Chilean code shaking level for (a) the long-duration set and (b) the short-
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developed in SeismoStruct, which explicitly accounted for P-
delta effects and inherent nonlinearities of the materials. On
the other hand, two ground motion sets with equivalent
spectral shapes but different durations were obtained to
isolate the effects of ground motion duration from other
ground motion characteristics. +e sample building model
was then subjected to time-history analysis at the design level
of shaking and to extensive IDA using the long- and short-
duration record sets. Overall, the influence of duration was
shown to be not significant in the sample structure presented
herein.

Based on the results obtained in this study, it is expected
that groundmotion duration does not influence significantly
the peak values of EDPs in low-rise RC shear wall buildings
when considering long-duration ground motion records.
When comparing the maximum interstory drifts at the
design level of shaking to the limits imposed by the NCh433
for linear elastic analysis and the ASCE/SEI 41-17 for per-
formance-based evaluation, the values were found to be
small and slight, which resulted in minimum damage to the
sample building. Moreover, the structure’s behavior re-
garding the drifts is generally quite similar in both situations

and slightly higher for the short-duration set than for the
long-duration set. It should be mentioned that the structure
was designed as per the current seismic Chilean seismic
code, which resulted in a rather rigid structure.+e behavior
of the structure in terms of deformations was consequently
restricted to its linear range, which led to low levels of
deformation capacity.

To better understand the effect of the duration of
earthquakes on the structure thoroughly, the sample
building was subjected to incrementally scaled ground
motion records to higher levels of shaking using IDA.
Concrete and steel rebar strains were used as EDPs. +e
results showed a slight difference between the curves ob-
tained for short-duration records and those obtained for
long-duration records. Regarding the material peak strains,
higher peaks by approximately 8% for reinforced steel and
by approximately 17% for concrete were obtained for short-
duration events. Furthermore, it should be noted that an
increase in material strains for the short-duration events was
generally obtained although this increase was not significant.
+e results obtained in this study confirmed that for
structural systems with low ductility capacity, the influence
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Figure 7: IDA curves considering steel rebar strains as EDP for (a) the long-duration set and (b) the short-duration set.
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Figure 8: IDA curves considering concrete strains as EDP for (a) the long-duration set and (b) the short-duration set.
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of duration is not significant due to the incapacity to reach
large deformation and dissipate energy before failure.

Further research is recommended to study structures
that can reach higher levels of deformation to obtain a
relevant structural demand regarding seismic loading and
results related to the performance of the materials consid-
ering their nonlinear behavior. +ereby, it would be possible
to have a deeper and a more conclusive understanding of the
effect of the duration of a seismic event since the increased
number of cycles imposed by long-duration groundmotions
are one of the main concerns when conducting such studies.
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+e purpose of this research is to identify the indicators of typhoon damage and develop a metric for typhoon vulnerability
functions employing the losses associated with Typhoon Maemi. Typhoons cause significant financial damages worldwide every
year. Federal and local governments, insurance companies, and construction companies strive to develop typhoon risk assessment
models and use them to quantify the risks so that they can avoid, mitigate, or transfer the financial risks. +erefore, typhoon risk
assessment modeling is becoming increasingly important, and in order to achieve a sophisticated evaluation, it is also important to
reflect more specified and local vulnerabilities. Although several previous studies on economic loss associated with natural
catastrophe have identified essential risk indicators, there has been a shortage of more specific research studies focusing on the
correlation between vulnerability and economic loss caused by typhoons. In order to fill this gap, this study collected and analyzed
the actual loss record of TyphoonMaemi collected and accumulated by amajor insurance company in Korea. In order to create the
vulnerability functions and to identify the natural hazard indicators and basic building information indicators, information from
the insurance record was used in the analysis. +e results and metric of this research provide a pragmatic approach that helps
create vulnerability functions for abovementioned sectors and like estimating local vulnerabilities and predicting and coping with
the possible damage and loss from typhoons.

1. Introduction

1.1. Background. As the incidence of severe windstorms
continues to increase drastically, the resulting losses are also
remarkably increasing [1]. For example, in 2005, Hurricane
Katrina caused about $ 108 billion in economic losses, and
this loss has been recorded as the most destructive natural
disaster in the United States in economic impact wise.
Hurricane Sandy and Hurricane Ike have been classified as
the hurricanes of the second and third largest financial
losses, respectively. +at is, Hurricane Sandy in 2012 led to
losses of $71.4 billion, while Hurricane Ike in 2008 led to
losses of $29.5 billion [2, 3]. In December 1999, three se-
quence of European windstorms, i.e., Anatol, Lothar, and
Martin, hit Western Europe and Central Europe with heavy

rains and strong winds. +e total economic damages were
approximately 13 billion euros [4]. Typhoon Yolanda, a.k.a.,
Super Typhoon Haiyan passed over several countries in its
path in 2013 and recorded as the most extreme typhoon on
land. +is typhoon severely devastated a wide area covering
several southern Asian countries with extreme storm surges,
landfall, and winds and led to total losses estimated at $ 2.88
billion.

To cope with such damages and losses, many industri-
alized countries have adopted and used insurance as a means
to transfer the financial risks caused by typhoons. At this, it
is crucial for the insurance industry to be able to accurately
estimate and assess the risks. In order to achieve such ac-
curate and reliable assessment, insurance companies use
natural catastrophe models and historical loss records to
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predict and manage potential economic losses in individual
buildings, regions, or countries. Among these, the natural
catastrophe model consists of hazard, exposure, finance, and
vulnerability modules [5]. +e hazard module identifies the
frequency and intensity of typhoons and other typhoon
information, e.g., storm surge, precipitation, and central
pressure, and regenerates typhoons in specific areas and
periods according to the prescribed information.+e finance
module estimates the economic losses based on the policy
term, e.g., risk excess of loss, cat excess of loss, and limit of
liability. +e vulnerability module is a module that uses the
vulnerability function to quantify the degree of damage by
vulnerability according to the building attributes using the
correlation between damage and risk indicators [6]. +e
vulnerability function can be found by analyzing past storm
losses, and it can also be validated by the losses recorded. As
can be seen, the precision of the vulnerability function,
among many other factors, is substantially affected by the
presence and its quality of past damage data.

However, in practice, it is difficult to develop a vul-
nerability function, since there is a lack of detailed loss
records. Meanwhile, claim payout records of insurance
companies can provide specific, accurate, and reliable loss
data.+at is, these claim payout records can be used to assess
the vulnerability of individual buildings by taking advantage
of the features of building inventory because such data
includes the information of engineers’ and claim adjusters’
objectively inspections and their results and the information
of claim payout paid accordingly.

Nonetheless, many insurance companies are tended to
be hesitant to record or document the data on detailed
building exposures, such as building type, building age,
building height, and buildingmaterials.+e reason for this is
that developing a database that includes such information is
considered to be inefficient, timewise and moneywise, for
not only small- and medium-sized companies but also large
corporations [7]. For this reason and many other related
reasons, the low data quality does not follow the input level
of the sophisticated vendor CAT models to date. And
therefore, the current situation is that the risk assessment is
relied on the basic and minimum amount of data and in-
formation available. Furthermore, in developing countries
with emerging economies, in which insurance penetration
rates are relatively low, it is strongly required to create
vulnerability functions using historical loss records. Simi-
larly, in certain countries, it is particularly difficult to de-
scribe the correlation between potential risk and loss, due to
incoherent data or a lack of data [8]. In order to reduce the
uncertainty of the evaluation model, the demand for and
importance of identifying and developing work through
proxy measurements of risks is increasing. +erefore, there
is an urgent need for metrics and models that can easily and
directly estimate and assess the vulnerabilities of the
buildings to typhoons in these countries and situations.

In this study, based on the actual record of damages and
the consequent financial losses caused by typhoons docu-
mented and accumulated by a major insurance company in
Korea, it is first aimed to identify the statistically significant
risk factors of buildings and of typhoons while relying on the

objectivity and accuracy of the quantitative data. +is study
also intends to develop and model a local vulnerability
function, which assesses the damage of buildings from the
results of typhoons by conducting the statistical analysis of
the risk factors, in order for many sectors including federal
and local governments, insurance companies, and con-
struction companies to utilize in their own damage as-
sessment. Ultimately, this study was designed to provide
more methodologically grounded understanding and evi-
dence-based knowledge in minimizing the risks of typhoons
to buildings.

1.2. Natural Catastrophe Model. As the demand for natural
catastrophic risk modeling continues growing, several
vendors such as Applied Insurance Research (AIR), EQE-
CAT, and Risk Management Solution (RMS) [9, 10] have
developed their own models. +ese models are also used by
insurers and reinsurers around the world to assess the risks
of natural disasters such as hurricanes, tsunamis, typhoons,
floods, earthquakes, tornadoes, and winter storms, and they
are considered to be the standard methodologies for natural
disaster risk management. However, such models are hardly
applicable for all companies and cases due to their high
annual fees and also limitations for specifics. More specif-
ically, it is a problem that models can only be developed and
evaluated in a limited number of countries, such as the
United States, China, and Japan, which often suffer large
losses due to natural disasters and large insurance industries.
For small- and medium-sized countries, it is not possible to
utilize the models in their own risk evaluations in the same
way due to the limitations for specifics. In addition, the
modeling firms encourage insurers and reinsurers to create
an independent in-house model with which to apprehend
and assess portfolios and risks. It is dangerous to conclude
the risk solely with the existing standard models alone. One
of the reasons for this is that different insurance companies
may show results unlike those from the standardized model
due to the diverse business preference, portfolio, and capital.
+ey should be able to judge whether the outcome is op-
timistic, pessimistic, or conservative, depending on their
exposure. +erefore, insurers and reinsurers require in-
house models that can verify the results of the standard
models to their exposure.

Furthermore, many international organizations, e.g.,
HAZUS Multi-Hazard (MH) in the United States, the
Florida Pubic Hurricane LossModel (FPHLM) in the state of
Florida, the Central American Probability Risk Assessment
(CAPRA) in South America, the new Multi-Risk and Multi-
Risk Assessment Method (MATRIX) in Europe, and the
RiskScape in New Zealand, are investing a lot of resources in
developing natural catastrophe models to be able to better
predict, respond, and mitigate the risks associated with
natural disasters. +ese models can assess direct and indirect
damages at the national or community level due to tropical
cyclones, earthquakes, floods, and storm surges. Nonethe-
less, these models are not designed to be adopted in the
insurance industry because there are no finance modules
that consider insurance concepts such as layers, deductible,
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and so on. For this, this study adopted the various indicators
that can be straightforwardly computed and easily accessed,
found on Crichton’s risk triangle [11].

1.3. Significance of Analyzing Typhoon Maemi. After major
record-breaking hurricanes, such as hurricanes Katrina, Ike,
and Sandy, insurance companies had to shut down, due to
unexpected tremendous losses, and the companies that
survived had to quickly modify their coverage and rates [12].
For this reason, insurers and reinsurers analyze extreme
natural disasters in order to prepare reserves for losses from
such extreme natural disasters.

+ey allocate portfolios to avoid emergencies and worst-
case scenarios. +ey also set up catastrophe zones and limit
amounts in order to minimize the damage caused by these
extreme disasters. +e records of previous extreme disasters
are used as essential bases to establish the zone and limit.

Furthermore, the potential risk of natural disaster is the
one of the major points used to determine the premium.+e
premium consists of the pure premium, expense, and profit.
+e pure premium is a combination of modeled cat risk,
nonmodeled cat risk, and noncat risk such as FLEXA (i.e.,
fire, lighting, explosion, and aircraft). +e historical loss
records from previous extreme disasters guide the modeled
cat risk and nonmodeled cat risk as well. Hence, analyzing
extreme disasters makes a significant contribution in
assigning risk and determining pricing.

In addition, the maximum amount of loss caused by a
catastrophic disaster is a very vital number in the insurance
industry. For example, insurers and reinsurers should assess
probable maximum loss (PML), excess of loss reinsurance
(XOL), liability limit (LOL), and retention. +e PML is the
amount of maximum loss an insurance company is likely to
sustain. It also stands for the amount of loss expected from
the worst-case scenario. Probable maximum loss (PML) has
to be taken into account by an underwriter when taking
risks. Underwriters must consider PML in order to deter-
mine whether to take the risk and also to determine the
premium [13]. XOL and LOL are meaningful for allocating
and limiting financial risk [14]. Retention is the responsi-
bility of the insurer to limit the scope of the risk; it is an
important management indicator for an insurance company
because it is set as the amount of one’s own responsibility,
the amount of holding, and the amount of holding limit.+e
elementary guidelines are based on damage analysis of ex-
treme disasters.+erefore, in order to plan for unanticipated
damage and compute maximum losses, it is necessary to
analyze extreme disasters.

In the New Oxford American Dictionary, the term ty-
phoon is defined as “a tropical storm in the region of the
Indian or western Pacific oceans” [15]. Among the two types
of typhoons, straight and recurving, in areas such as Phil-
ippines, southern China, and Vietnam, are threatened by
straight-moving typhoons, while recurving typhoons are
threats to Korea, northern China, and Japan [16].

Typhoon Maemi in 2003 caused the most extreme
damages in South Korea, as it was the largest in size and
intensity since the record-keeping had begun in the country

in 1904. TyphoonMaemi was generated as a tropical cyclone
in the sea near Guam on September 4, 2003 and landed on
the southern coast of the Korean peninsula on September 11
after passing through Okinawa Prefecture, Japan. After its
rapid penetration of the southeastern part of the Korean
Peninsula, it disappeared on September 14 in the East Sea.
Among all the typhoons that have affected the Korean
peninsula, it was the most destructive at the time of landing.
+e typhoon updated the record in various ways; the central
pressure was 910 hPa, the maximum wind speed was 54m/s,
and the maximum size was 460 km (radius).+e damage was
also enormous due to its severe wind speed, storm surge, and
precipitation. Ultimately, 135 people died, there were 61,000
victims, and the overall property damage was about $ 4.3
billion (in 2003 year). In terms of the strength and conse-
quent damage of Typhoon Maemi, the distribution of the
loss record indicated the southern part of the Korean
Peninsula, such as Busan and Gyeongnam province, was
particularly devastated by the typhoon. In particular, the loss
distribution shows that in the right side area of the
Gyeongnam province, more damage has occurred than in
the left side area of the province. +e reason for this was that
the typhoon landed directly on the midcoast of Gyeongnam
province, and the right side of the area had more influence
than the left side of the area by the strong wind and rainfall of
the typhoon [17, 18]. +e World Meteorological Organi-
zation decided to remove the name Maemi from circulation
and substituted it with Mujigae in 2006 due to the extreme
damage and death caused by the typhoon [19].

2. Review of Literature

Several previous studies have focused on hurricane/tornado
damage, damage assessment, and vulnerability analysis. +is
section will refer to a few most recent studies that specifically
examined hurricane/tornado damage in terms of vulnera-
bility analysis.

Chock looked into hurricane damage on Hawaii resi-
dential buildings gathered and georeferenced on the GIS.
Data on property tax records, which included construction
type attributes and property valuation, were also adopted, in
order to specify residential building fragilities in relation to
comprehensive reconstruction cost. As a result, this study
suggested risk relativity factors and developed loss functions,
which contributed to estimating hurricane damage to var-
ious Hawaii buildings [20]. Zhang suggested the concept of
socioeconomic vulnerability and provided six vulnerability
indicators (population density, population of coastline,
GDP, primary industry export, annual disposable income of
urban residents, and annual disposable income of rural
residents) to assess the socioeconomic vulnerability to ty-
phoon surges [21]. Heneka and Ruck focused on German
winder storm events in 2000s and the damage from them to
residential buildings. Using physical evidence and logical
assumptions, this study derived a model that calculates
number and financial values of damage, while assessing and
simulating the spatial distribution and total damage [22].

In 2014, Zhang et al. examined wind risk of residential
buildings in Japan caused by typhoons and developed a
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provisional reliability-based vulnerabilitymodel to assess the
risk. Although provisional, the model this study presents
found that it is the resistance of roof tile and the correlation
of trajectories of flying debris that takes an important part in
the vulnerability [23]. Gautam et al. conducted a vulnera-
bility analysis of damage to residential buildings and in-
frastructure caused by extreme windstorms in southcentral
Nepal in 2019. Based on the field observations and forensic
interpretations, this study presents fragility functions ob-
tained from damage statistics for wattle and daub houses
[24].

Previous studies on wind speed and precipitation in
Korean peninsula have been conducted with similar yet
various focuses: typhoon risk assessment wind speed from
the GIS (Geographic Information System) [25], natural
hazard prediction modeling based on a wind speed of ty-
phoon and precipitation [26], characteristics of the damage
scale and risk management system by strong wind speed of
typhoon [27], damage analysis of meteorological disasters
for each district considering the regional characteristics [28],
and measuring typhoon damage by wind speed in the rural
area properties [29].

+ese abovementioned studies have similarities with this
study in the sense that most of them relied on the past record
of financial information and data in measuring the damage
and vulnerability from hurricanes/windstorms/typhoons of
residential or industrial buildings in their analyses. In ad-
dition, all of these studies aimed to suggest a loss function or
a model to adopt in an attempt to estimate and simulate the
damage and loss in other areas in the event of future hur-
ricanes/windstorms/typhoons.

Similar to the mentioned studies, this study conducted a
vulnerability analysis in order to present the valid risk
factors related to building vulnerability based on the ac-
cumulated past data and statistics. Although many simi-
larities, however, this study distinguishes itself from other
studies especially in terms of the data source it selected. In
order to ascertain the actual damage and loss to the com-
mercial, residential, and industrial buildings from Typhoon
Maemi, this study made use of the claim payout data ac-
cumulated and provided by a major Korean insurance
company. +is was to achieve the quantification of the
damage in numerical, especially in financial values. To be
more specific, the monetary data was adopted because of its
definiteness and objectivity [30]. +is quantification of
damage data represented in the insurance claim payout
record can be especially helpful because of the detailed and
specified information about each case of damage of the
buildings, which also enables engineers and insurance un-
derwriters, for logical and accurate, and thus more reliable
review estimation of the damage.

3. Research Methodology

3.1. Loss Records. +e purpose of this study is to determine
the significant factors, i.e., typhoon loss, natural hazard
factors, and basic building information factors in the damage
of buildings from the results of typhoons and to identify the
relationship among the factors.+is study also aims to assess

the loss reflecting the regional vulnerability and to build a
systematic method to measure other extreme cases and
countries to predict the typhoon loss. In order to reach this
goal, this study used Typhoon Maemi loss record from a
primary insurance company in South Korea. +e research
scope is limited to South Korea. +e amount of loss is the
claim payout based on ground-up loss, which is the pure loss
not accounting for insurance. Typhoon Maemi hit the
Korean Peninsula on 11th September in 2003, as shown in
Figure 1(a). +e typhoon landed on the south coast on the
Korean peninsula, through the inland, to the east coast,
causing extreme economic losses in many cities on the south
coast, as shown in Figure 1(b).

Table 1 shows the distribution of loss per province from
Typhoon Maemi. In particular, the provinces located in the
southern part of the Korean peninsula, Busan and
Gyeongnam, were vastly damaged by the typhoon.
Gyeongnam was damaged by the typhoon to the dollar
amount of loss (48.0%) and the number of losses (35.4%).
Busan was also significantly devastated by the typhoon to the
dollar amount of damages (43.8%) and the number of losses
(45.0%).

3.2. Data Availability. +is study gathered the loss record
from a major insurance company of Construction All Risk
(CAR) in South Korea from Typhoon Maemi’s damage. +e
records received include information such as the date of the
accident, location, occupancy, structure type, construction
period, floor, underground, detail of loss, loss amount, and
so on. Yet, due to the nature of the data, although any
customer information is hardly included, the public access to
the data is not permitted to avoid any possible problems.

3.3. Dependent and Independent Variables

3.3.1. Dependent Variable. In this study, a regression
analysis was first used to determine the significant loss in-
dicators for building vulnerability and then to evaluate the
relationship between the indicators and loss ratio. +is loss
ratio is a concept and a term established in this study; loss
ratio is the amount of occurred losses to indemnifying ty-
phoon damages divided by the property value of the
damaged building. +e property value of the building in this
study was measured by the total sum insured.+is concept is
entered into the following equation (1):

Loss ratio �
Claim − payout

Total sum insured
. (1)

Because in each case, the loss from typhoon damages was
relatively small, compared to the total sum insured, most loss
ratio were inclined toward zero when presented by equation
(1), and for this reason, the dependent variable was con-
verted by log transformation in order to fit the normal
distribution. +e dependent variable value used in the re-
gression model is shown in equation (2):

Transformed loss ratio � Ln(loss ratio). (2)
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3.3.2. Independent Variables. +e loss records are consisted
of two categories: (1) accident details, e.g., details of the
accident, the address, the amount of loss, and the date of the
accident, and (2) basic building information, e.g., the total
amount of the property, construction type, number of floors,
and number of underground floors.

Based on the existing location information, the wind
speed and distance from the property centroid to the
coastline are estimated. +e various properties information
of the typhoon directly affects the damage [31]. Wind speed
is an important indicator of the intensity of typhoons and
causes damage such as floods, storm surge, landslides, and
missile impacts [32, 33]. +e wind speeds of the individual
buildings that suffered damage were collected based on the
date of the accident and the address information in the loss
records using the Geographic Information System. Wind
speed information is collected from the Japan Meteoro-
logical Administration’s (JMA’s) maximum wind speed
(10min sustained) record. +e distance from the property

centroid to the coastline is also estimated based on the
address information using the Geographic Information
System.+e distance between the building and coastline also
plays an important role in describing a building’s vulner-
ability to windstorms. Highfield et al. estimated the distance
from the building to the coastline to identify the relationship
between the distance and loss caused by Hurricane Ike on
Galveston Island and the Bolivar Peninsula. +ey indicated
that the loss decreased as the distance from the coastline
increased [34].+e results reveal that a building farther from
the coastline is less vulnerable to windstorms than a building
closer to the coastline.

+e basic building information, e.g., total amount of the
property, construction type, number of floors, and number
of underground floors, is used as indicators to reveal the
typhoon vulnerability according to the building inventory.
+e total amount of the property is also substantial in terms
of the losses associated with windstorms. Kim et al. indicated
that windstorm loss increases as the total amount of the
building decreases. +e correlation with the total amount of
the properties and windstorm loss are negative [7]. +e
construction type is also an important indicator of the
building’s typhoon vulnerability. For instance, when con-
struction types can be divided into wood, stone, steel, and
reinforced concrete, they are generally vulnerable to ty-
phoons in the following ascending order: reinforced con-
crete, steel, stone, and wood [6, 35, 36]. +e building height
is regarded as a vital indicator of vulnerability quantification
against windstorms [6, 37]. +e reason for this is that the
building height is statistically correlated with the degree of
financial loss, so it can be used as a vulnerability index to
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Figure 1: Typhoon Maemi: (a) track of typhoon and (b) distribution of losses.

Table 1: Loss records per province from Typhoon Maemi.

Province Total claim payouts
(mil. KRW) No. of claim payouts

Gyeongnam 11,224 110
Busan 10,245 140
Ulsan 928 28
Gyongbuk 530 21
Kangwon 239 4
Jeonnam 135 3
Daegu 91 5
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quantify a building’s vulnerability to hurricanes. For in-
stance, the correlation between building height and typhoon
loss is negative, which means that as building height in-
creases, typhoon loss decreases [37, 38]. Table 2 defines the
loss and data. +e central trends in each category are
expressed as a mean.

4. Results

4.1.Multiple RegressionAnalysis. Table 3 shows the typhoon
information and basic building information related to the
loss ratio for the line of business (LOB): commercial, resi-
dential, and industrial, as assessed through the regression
models, correspondingly. +e LOB is typically used as a risk
indicator to quantify the building vulnerability in the risk
assessment model [7, 39]. +e LOB is a term that is a
commonplace in the insurance industry and denotes a
tightly linked product or service that is a business necessity.
+is terminology from insurance is also stated to relate
policies in provision and book-keeping, such as the fact that
injury and property policies can be classified as commercial,
residential, and industrial. As a result, the LOB category can
classify buildings as physical and financial functions. +is
study adopts this classification to reveal information in a
practical manner.

Table 3 displays the typhoon information and basic
building information to loss ratios for Typhoon Maemi as
assessed through regression analysis. In the regression
analysis of the commercial building, the adjusted R2 value is
0.332, which indicates that 33.2% of the variant of the loss
ratio can be described by the regression model. Two sig-
nificant variables, total value of property and construction
type, are branded as meters of the ruthlessness of typhoon
loss. By contrast, the other indicators are not associated with
the loss ratio of commercial building. +e values of the
variance inflation coefficient (VIF) ranged from 1.016 to
1.293. +ese values indicate that there is no substantial
multicollinearity between variables. +e indicators can be
hierarchical in the descending order of their beta coeffi-
cients. Following the scale of the coefficient, the indicators
are (1) the total value of property (beta coefficient� –0.549)
and (2) construction type (beta coefficient� 0.241).

In the regression analysis of the residential building, the
Adj-R2 value is 0.587, which indicates that 58.7% of the
variant of the loss ratio can be described by the regression

model. Four significant variables, maximum wind speed,
distance from coast, total value of property, and floors, are
identified as indicators of the severity of typhoon loss.
However, the other indicators are not associated with the
loss ratio of residential building. +e values of the variance
inflation coefficient (VIF) ranged from 1.048 to 1.1. +e
values show that there is no significant multicollinearity
between variables. +e indicators can be ranked in the
descending order of their beta coefficients. According to the
number of the coefficient, the indicators are (1) maximum
wind speed (beta coefficient� –0.509), (2) total value of
property (beta coefficient� 0.328), (3) distance from coast
(beta coefficient� –0.248), and (4) floors (beta
coefficient� 0.113).

In the regression analysis of the industrial building, the
Adj-R2 value is 0.403, which indicates that 40.3% of the
variant of the loss ratio can be clarified by the regression
model. +ree significant variables, distance from coast, total
value of property, and construction type, are recognized as
indicators of the sternness of typhoon loss. Nevertheless, the
other indicators are not related with the dependent variable
of residential building. +e values of the variance inflation
coefficient (VIF) ranged from 1.109 to 2.190. +ese values
show that there is no noteworthy multicollinearity between
variables. +e indicators can be listed in the descending
order of their beta coefficients. Following the scale of the
coefficient, the indicators are (1) the total value of property
(beta coefficient� –0.622), (2) floors (beta coef-
ficient� 0.227), and (3) distance from coast (beta
coefficient� –0.222).

5. Discussion

+e models are statistically significant because the P values
(0.000) are less than 0.05. +is means that there is a sig-
nificant relationship between the dependent and indepen-
dent variables. In each regression model, according to the
LOB classification, the adjusted R2 values and the significant
indicators were also different. +e adjusted R2 value of the
commercial building model was 0.332, indicating that 33.2%
of the variance of the dependent variable can be explained by
two indicators (total value of property and construction
type). However, the remaining 66.8% caused by some un-
confirmed indicators was not considered in this study. +e
adjusted R2 value of the residential building model is 0.587,

Table 2: Descriptive statistics of the variables.

N Mean Std. deviation Minimum Maximum
Dependent variable
Loss ratio (%) 312 1.68 5.03 0.01 47.14

Independent variables
Total value of property (mil. KRW) 312 25,677.16 39,814.96 100.00 358,397.00
Construction type (number)† 312 1.32 0.74 0.00 4.00
Floors (number) 312 13.75 9.06 1.00 30.00
Underground floors (number) 312 0.52 0.94 0.00 6.00
Maximum wind speed (m/s) 312 37.58 1.22 31.24 38.56
Distance from coastline (km) 312 33.42 18.80 1.31 117.88

“†” denotes (1) reinforced concrete building, (2) steel structure building, (3) wood, and (4) steel plate roof.
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indicating that 58.7% of the change in the dependent var-
iable can be explained by four indicators: maximum wind
speed, distance from coast, total value of property, and
floors. However, the volatility of 41.3% due to unverified
indicators was not considered in this study. +e adjusted R2

value of the industrial building model was 0.403, indicating
that 40.3% of the difference of the dependent variable can be
described by three indicators (distance from coast, total
value of property, and construction type). Nevertheless, the
remaining 59.7% caused by some unproven indicators was
not considered in this study. +e reason why the significant
indicators and adjusted R2 are different among the regres-
sion model is that they have different damage vulnerabilities
against typhoon damage. It reinforces the previous study
indicating that the LOB grouping can categorize buildings as
physical and financial functions [7].

Among the key indicators of the variables, the value of
property is the significant indicator that is shared among the
three models. +e value of property is negatively associated
with the degree of loss caused by a typhoon. +is indicates
that the rate of loss increases as the value of property de-
creases. +e lower the property value of a building, the more
vulnerable it is to typhoons. +is is also consistent with the
results of prior studies [20, 24]. Former studies have stated
that the value of property affects the degree of loss caused by
typhoons and is a valuable factor for loss valuation.

+e distance from the coast has also been proven to play
a vital role in describing vulnerability to windstorm. +e
distance from the coast is adversely related with the amount
of loss caused by a typhoon. +is signifies that the degree of
loss rises as a building is closer to the coast. +e closer a
building is to the coast, the more devastated it is to typhoons
[34]. +is confirms the results of the initial study and shows
that the distance from the coast is an imperative indicator for
assessing losses caused by typhoons.

+emaximumwind speed and loss due to the typhoon are
positively interrelated. +is means that the loss increases as
the wind speed intensifies. +is also supports early research
that reported that maximum wind speed is an essential in-
dicator for predicting loss due to typhoons [12, 33, 40].

+e construction type also shows a main indicator of the
building’s typhoon vulnerability. +ere is a positive corre-
lation between the type of construction and the extent of
loss, which suggests that the type of construction affects the
magnitude of the loss, which is consistent with the results of
previous studies; in the ascending order of construction type,
reinforced concrete, steel, stone, and wood, it was found that
they are vulnerable to typhoons [6, 36].

+e number of floors has a positive relationship with the
loss, which suggests that as the number of floors increases,
the degree of loss increases. +is again confirms that the
number of floors is a vital indicator of quantifying typhoon,
and it also strengthens the results of previous studies
[37, 38].

6. Conclusion

+is study conducted a statistical analysis on the damages
caused by Typhoon Maemi, which was categorized as an

extreme disaster, in order to identify the natural hazard
indicators and basic building information indicators and to
develop a vulnerability function. +e buildings were cate-
gorized into three different types, i.e., commercial, resi-
dential, and industrial. Variables for natural hazard
indicators includedmaximumwind speed and distance from
coast. Variables for basic building information indicators
included total value of property, number of floors and
underground floors, and construction types.

+e statistical analysis found that, in the case of com-
mercial buildings, total value of property and construction
type are the two significant vulnerability indicators among
the variables of both the natural hazard indicators and the
basic building information indicators. For residential
buildings, maximum wind speed, distance from coast, total
value of property, and number of floors are significant in-
dicators. Last, in the case of industrial buildings, the sig-
nificant indicators were found to be distance from coast,
total value of property, and number of floors.

In this study, the vulnerability function of the typhoon
risk assessment models has also been developed and vali-
dated based on the statistical analysis of the actual loss claim
payout data kept by an insurance company.+emodels were
also developed in specification of various types of buildings
including commercial, residential, and industrial, so that the
particular and practical application of these models are
possible.

Every year, typhoons such as Typhoon Maemi cause
serious financial losses worldwide. +erefore, it would be
necessary for public and private disaster management
agencies to estimate the possible amount of damage by using
typhoon risk assessment models. +erefore, findings and
results of this research can serve as references and provide
vital directions to abovementioned sectors such as federal and
local governments, insurance companies, and construction
companies in predicting typhoon losses. For example, federal
and local governments can refer to this research in an effort to
reducing future typhoon damages by predicting financial
losses with the models reported in this study and establish
mitigation strategies based on expected losses.

Insurance and reinsurance companies can use the model
from this research to improve their own business model
using the methodologies to measure latent risks. More
specifically, they can use modeling to assess risks and make
judgments and use the base rate of insurance policies as a
percentage of experience with expected losses. Furthermore,
they can appraise the event limits and probable maximum
loss, delineate premiums, estimate risk accumulation from
typhoons, and institute business strategies found on the
outcome of the metric.+e building construction companies
are also able to improve their design guidelines by planning
storm-resistant buildings and by assessing building loss
based on the predicted total value of property, construction
type, and the number of floors of the building.

Furthermore, the frameworks and indicators of this study
can also be used for a further similar research, especially in
developing countries with few data on loss caused by
windstorms and building characteristics to predict wind-
storms. +ese countries can assess windstorm losses by
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adopting the frameworks and indicators used in this study,
although the weight of the indicator should be adjusted by the
weight of each province and the coefficient to reflect the local
building vulnerability for use in other areas. However, this
study solely focused on the one typhoon case, Typhoon
Maemi. +erefore, there is a need for a more comprehensive
loss data using the damages associated with various categories
of typhoons for development of the vulnerability function in
future studies, in order to support the results of this study.

In addition, constructing vulnerability curves in further
research can make much contribution in the field. +at is,
based on the data used and the significant factors found in this
study, vulnerability curves can be created in a subsequent
research. In other words, in catastrophe modeling, vulnera-
bility curves define the degree of vulnerability according to,
e.g., types of the buildings, and thus can serve as an important
part of the modeling. For example, the vulnerability curve for
typhoons describes the link between average damage rate and
wind speed and determines the degree of damage, depending
on the types of buildings. +e average damage rate of the
vulnerability curve indicates the building’s storm vulnera-
bility. Hence, constructing the vulnerability curves referring
to the data and meaning factors from this research can en-
hance future studies with the similar focus and approach.

Again as to future research, the values of adjusted R2

were 0.332 for commercial buildings, 0.587 for residential
buildings, and 0.403 for industrial buildings, which indicate
that the residual variability of the damage is described by
some indeterminate indicators. +erefore, in future studies,
other possible indicators should be identified and added to
the model.

Data Availability

+is study gathered the loss record from a major insurance
company of Construction All Risk (CAR) in South Korea
from Typhoon Maemi’s damage. +e records received in-
clude information such as the date of the accident, location,
occupancy, structure type, construction period, floor, un-
derground, detail of loss, loss amount, and so on. Yet, due to
the nature of the data, although any customer information is
hardly included, the public access to the data is not per-
mitted to avoid any possible problems.
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Flowslides, as one type of landslides, are becoming a research hotspot due to their high speed and long runout distance, which can
cause tremendous damage and economic loss..e scale of damage and deposit morphology of flowslide is closely related to factors
like deposit volume, slope height, and slope angle. In order to assess the influence of these factors, a sandbox apparatus is
developed, and the Taguchi method is used to design an experimental scheme to analyze the results of factors affecting the deposit
morphology of flowslide. .e results show that the factor that has the greatest impact on flowslide deposit morphology is slope
angle, followed by the influence of volume and slope height. As slope angle increases, the maximumwidth, maximum length, area,
and length-width ratio of the deposit first increase and then decrease. In addition, there should be a critical angle in the changes of
deposit morphology that is between 60° and 70° under the experimental conditions. When the volume is 5.4×10− 3m3, the slope
angle is 70°, the slope height is 0.90m, and the changes of deposit morphology of the flowslide are the largest. In this study,
considering the slope angle as a single variable, there is a single upheaval for a slope angle of 40° and 50° and a double upheaval at
60° and 70°. .e formation mechanism of the upheaval is analyzed based on the Mohr-Coulomb criterion and considered
properties of the material. .e apparent friction coefficient of a flowslide is spatially and lithologically different and increases
nonlinearly as the slope angle increases. .e initial benchmark of the slope angle and apparent friction coefficient curve are
affected by the friction coefficient of the material; the position of the inflection point at which the curve increases rapidly is affected
by the coefficient of velocity restitution.

1. Introduction

Landslides including slide and flowslide are often seen in the
Loess Plateau of northwest China since the loess features
metastable microstructure, high porosity, and water sensi-
tivity. .e hazards associated with flowslides are often
closely related to volume, slope angle, slope height, and so
on, because these conditions significantly affect a flowslide’s
moving distance [1–4]. Flowslides are becoming a research
hotspot recently since it has the characteristics of high speed
and long runout distance as well as leading to tremendous
damage and economic loss. A large number of field in-
vestigations have shown that the runout and area of a

flowslide increase with an increase in volume and slope
height, but decrease with an increase in slope angle [5–9]. In
fact, each flowslide is unique and nonrepeatable, and, as a
result, the characteristics and parameters of each are dif-
ferent. .erefore, in field research, it is impossible to sep-
arate out the various influencing factors for single factor
research. Similarly, data obtained through field investiga-
tions cannot accurately reflect the impact of various factors
on the characteristics of flowslide movement. Tomake up for
the shortcomings of field investigations, physical model tests
were introduced to study the deposit morphology and
movement rules of flowslides [10–12]. In the course of these
investigations, some rules and interesting characteristics of
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deposits that were in line with reality were reproduced well
by model tests. .ese modeling studies provide a reference
for understanding the dynamic characteristics of flowslides.
.e rationality of experimental method directly determines
the accuracy of experimental results [10, 13–15]. It is pre-
vailing to study the runout distance, influencing factors,
stress during movement, and other characteristics of flow-
slides using model experiments [11]. However, in the re-
search involving the field of flowslides currently, the method
is relatively monotonous, and those studies are conducted to
the movement and deposit characteristics under the influ-
ence of a single factor [4]. In addition, when the order of
influencing factors was obtained, a deep excavation on the
change laws of deposit morphology and the possible internal
mechanical mechanism under the greatest influencing factor
has not been performed.

.e flowslide flows to the slope break where a change in
its flow direction will inevitably cause collision and shearing;
the intensity of this effect increases with an increase in slope
break angularity and sharpness [13]. .e duration of a
flowslide increases with angle and volume and decreases
with aspect ratio [16]. In the study of the deposit mor-
phology of flowslides, scale effects would affect the overall
shape of the deposit including leading edge, highest point,
and trailing edge positions, but could be minimized by
accurately controlling the test variables [17]. Longitudinal
ridges developed on the surface of flowslide deposits caused
by radial propagation of the flowslide during movement, as
discussed by Dufresne and Davies [18]. .e properties of
granular materials are also an important factor affecting the
characteristics of flowslide deposits, including the granular
diameter, the grading index, and the roundness. Different
granular materials can lead to different granular effects,
which can increase the accumulation area and runout dis-
tance [19, 20]. .e apparent friction coefficient is an im-
portant parameter used to characterize the movement of a
flowslide, which has been widely studied under different
variable conditions [5, 7, 9, 21]. It is generally believed that
the apparent friction coefficient decreases with increasing
volume and increases with increasing slope angle, but the
related general relationship has not been proposed [3, 22].
Flowslide on alien planets shares the above-mentioned
characteristics and rules [23–25] but shows longer runout.
At present, research methods used in the study of flowslide
are limited, and research schemes are not systematic enough.
In addition, better knowledge of the overall rules governing
changes in and causes of flowslide deposit morphology is
needed.

In this paper, the Taguchi method [15, 26–29] is used to
design an experimental scheme and analyze the results of
factors affecting the deposit morphology of flowslide. .e
Taguchi method can be used to quantify test results and to
obtain the combination factors that cause the greatest
morphological changes in the deposits under test conditions.
.e specific objectives of this study are to (1) determine the
maximum influencing factors of flowslide deposit mor-
phology and the combination of factors that cause the largest
change in the morphology of a deposit using the Taguchi
method; (2) analyze the changes of the surface and profile

morphology of the deposit under the most influential factors
and compare them with actual flowslides; (3) explain the
rules governing changes in flowslide deposit morphology
and carry out the necessary stress analyses for particular
morphologies; (4) obtain and confirm the distribution
characteristics of the apparent friction coefficient by com-
bining test results with natural flowslides.

2. Material and Method

2.1. Sandbox Experiment Setup. A sandbox experiment was
conducted to study flowslide deposit morphology. Plexiglass
was chosen for the experimental devices, which were
composed of four parts: a sand container, an inclined plate, a
horizontal plate, and high-speed cameras..e length of both
the inclined plate and the horizontal plate is 1.5m, and the
width of each is 1.2m (Figure 1(a)). .e specification vol-
umes of each sand container with a gate in the bottom are
1.8×10− 3m3, 3.6×10− 3m3, and 5.4×10− 3m3. .e angle of
the inclined plate can be adjusted freely through a rear
bracket, and the center gravity height of the sand container
can be adjusted through a track on the inclined plate. High-
speed cameras (120 frames/s) were used to record images
during the experiment.

During the experiment, medium-fine sand density was
controlled to 1.51 kg·m− 6. .e material flowed down an in-
clined plate with no boundary constraints to the horizontal
plate when the gate was opened. When the sliding material
stopped moving, a millimeter-level three-dimensional scanner
was used to collect digital elevation model (DEM) data of the
deposit surface (Figure 1(b)) through calibrated and extracted
key point coordinates to obtain flowslide deposit morphology
data.

2.2. Material. A medium-fine sand (Figure 2) was used as
the sliding material in the simulated sandbox experiment
because it shows a similar flow characteristic during sliding
compared with natural flowslides [30, 31]; its particle-size
distribution curve is shown in Figure 3. .e uneven coef-
ficient Cu is 2.39, the curvature coefficient Cc is 1.19, the
average diameter is 2×10− 4m, and the specific surface area is
0.02m2∙kg− 4. .e cumulative percentage of the particle size
in the range 0.075–0.5mm is 87.71%, the internal friction
angle φ is 36°, the cohesion c is zero, and the interface friction
parameter of plexiglass and sand is 0.538.

2.3. Method. .e experimental scheme was designed using
the Taguchi orthogonal method (Table 1) to comprehen-
sively analyze the influence of flowslide volume, slope angle,
and slope height on deposit morphology. .e following
design variables were used to assess influencing factors:
volumes 1.8×10− 3m3, 3.6×10− 3m3, and 5.4×10− 3m3; slope
angles 50°, 60°, and 70°; and slope heights 0.7m, 0.9m, and
1.1m.

.e principle of variable selection was as follows: A
K-means clustering of volume and slope height data from 28
flowslides [30] in the Jingyang South platform, Shaanxi
province, China, was conducted. Results showed that the
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deposit volume was divided into three levels of
1317.75×103m3, 545.44×103m3, and 184.82×103m3, re-
spectively, so the similarity ratio was approximately 1 :
2×108. Slope height was divided into three levels of
113.45m, 84.27m, and 63.07m, with a similarity ratio of
approximately 1 :100. .e slope angle of the Jingyang South
platformwasmainly within 40°–70° [31]..ere were, in total,
nine groups of experiments; two parallel experiments were
carried out for each group. If the experimental results were
greater than millimeter-level in difference, a third experi-
ment was conducted, eventually taking the average value of
two small differences in the results to determine the deposit
morphology of the flowslide.

3. Results

3.1. Sandbox Experiment Results. .e Taguchi method is a
test method commonly used in steel casting and other fields
within materials science to maximize production and re-
duce consumables. Its greatest advantage is to determine
the order of significance of evaluation indexes using fewer
tests and to determine an optimized combination scheme
of influencing factors [15, 26, 27, 29]. .e direct basis for
the analysis of the results is the signal-to-noise ratio (S/N),
which can be divided into three categories according to
three characteristics: larger-the-better, smaller-the-better,
and nominal-the-better (washing the test results closest to
the target value). .e larger the value of (S/N), the greater
the signal that the dependent variable responds to the
change of factors. .erefore, the larger-the-better char-
acteristic is used in this paper, and the calculation ex-
pression is as follows:
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Figure 1: Flowslides experimental research design: (a) structural of the experimental device; (b) 3D scanner for acquisition of deposit data.

Figure 2: Experimental material.
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where (S/N) denotes the signal-to-noise ratio; n denotes the
repeatable time of each variable combination; Y1j denotes
the observed data of evaluation index; i denotes a different
evaluation index, and j is the test number from 1 to n.

It is necessary to establish an evaluation index to analyze
the influencing factors of flowslide deposit morphology by
the Taguchi method, because the deposit morphology of
flowslide (Figure 4(a)) can be characterized by five elements,
maximum length (Ld), maximum width (Wd), maximum
thickness (Dd), area (A), and length-width ratio (Ld/Wd)

denoted by Y1j, Y2j, Y3j, Y4j, and Y5j, respectively. .e five
indexes used as evaluation indexes along with statistical
results and signal-to-noise ratio calculation results are
shown in Tables 2 and 3.

It can be seen from Table 3 that when the volume is
5.4×10− 3m3, the slope angle is 70°, the slope height is 0.9m,
and the signal-to-noise ratio values of Ld, Wd, and A are the
largest: 40.55, 40.49, and − 0.6, respectively. .erefore, under
the influence of this combination, the change responses of
Ld, Wd, and A are the largest. It can also be seen that when
the volume is 5.4×10− 3m3, the slope angle is 50°, the slope
height is 1.1m, and the change response of Dd is the largest.
When the volume is 1.8×10− 3m3, the slope angle is 60°, the
slope height is 0.9m, and the change response of (Ld/Wd) is
the largest. Based on a comprehensive comparison of a
combination of influencing factors A3B3C2—namely, when
the volume is 5.4×10− 3m3, the slope angle is 70°, and the
slope height is 0.9m—the change response of the flowslide
deposit morphology is the largest.

3.2. Morphology of the Flowslide. .e calculation results of
the Taguchi method and multivariate analysis of variance
both indicate that slope angle has the greatest influence on
the deposit morphology of flowslide. To further analyze the
morphology of flowslide under the change of slope angle
only, an experiment using four sets of sandboxes with a
constant volume of 3.6×10− 3m3, a constant slope height of
0.9m, and slope angles of 40°, 50°, 60°, and 70° was carried
out (Figure 4(b)).

(1) Analysis based on Taguchi method: According to the
signal-to-noise ratio values of different combinations
determined using equation (1) as listed in Table 3, the

values of the maximum minus minimum (extreme
difference) of the signal-to-noise ratio between the
three levels under the same factor are obtained
(Table 4) and shown in Figure 5. .e bigger the
extreme difference value of the influencing factors,
the greater the influence of this factor on the results
[26, 28].
.e results show that the values of extreme difference
of Ld,Dd,A, and (Ld/Wd) are 2.77, 5.51, 4.54, and 1.7,
respectively. .e largest value reflects the influence of
slope angle as compared with other factors. .e next
largest value of extreme difference reflects the influ-
ence of flowslide volume. .e value of extreme dif-
ference as influenced by slope height is relatively the
smallest. .e value of Wd is most affected by volume;
the corresponding value of extreme difference is 2.78.
In summary, the most significant factor affecting the
deposit morphology of flowslide is slope angle, fol-
lowed by volume and slope height.

(2) Multivariate analysis of variance: To further verify
and analyze the impact of flowslide volume, slope
angle, and slope height on deposit morphology, a
multifactor analysis of variance is conducted on five
evaluation indexes influenced by the three factors
(Figure 5); the statistical results are shown in Table 5.
Partial η2 (the ratio of the within-group variance to
the overall variance of an independent variable)
indicates the significance of the effect caused by the
influence factor, where the larger the value, the more
obvious the effect of the influence factor. .e results
of multivariate analysis of variance are consistent
with the calculation results of the Taguchi method.
.e values of Ld, Dd, A, and (Ld/Wd) corresponding
to the biggest partial η2 are 0.64, 0.79, 0.56, and 0.73,
all as a result of the effect of slope angle, while for
Wd, the biggest value is 0.87, which is the effect of
volume of the flowslide. Similarly, the value of partial
η2 under the influence of slope height is relatively the
smallest among the five evaluation indexes, which
are 0.1, 0.24, 0.45, 0.06, and 0.05, respectively.
.erefore, slope angle is the factor that has the
greatest influence on the deposit morphology of
flowslide, followed by volume and slope height.

Table 1: Orthogonal experimental scheme.

Number Orthogonal combination Flowslide volume (10− 3m3) Slope angel (°) Height (m)
1 A1B1C1 1.8 50 0.7
2 A1B2C2 1.8 60 0.9
3 A1B3C3 1.8 70 1.1
4 A2B1C2 3.6 50 0.9
5 A2B2C3 3.6 60 1.1
6 A2B3C1 3.6 70 0.7
7 A3B1C3 5.4 50 1.1
8 A3B2C1 5.4 60 0.7
9 A3B3C2 5.4 70 0.9
Note: A, B, and C denote flowslide volume, Slope angle, and height, respectively.
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3.3. Planar Morphology at Different Angles. After correcting
the digital elevation model (DEM) data obtained by the
scanner, the three-dimensional coordinates of the flowslide
deposit are extracted and the contour maps of the surface
morphology are drawn (Figure 6). At smaller slope angles of
40° and 50°, the deposit surface is relatively flat, its long axis

lies along the width of the flowslide, and it is generally
tongue-shaped. At 40°, the length, width, length-width ratio,
and area are 0.53m, 0.70m, 0.76, and 0.29m2, respectively.
At 50°, the length, width, length-width ratio, and area are
0.89m, 0.80m, 1.11, and 0.44m2, respectively, while at larger
slope angles of 60° and 70°, the deposits tend to be thickest at

Flowslide deposit

A

Ld

Dd

Wd

L

H

θ

(a)

H

θ1
θ2

θ3

(b)

Figure 4: Schematic illustration of devices: (a) .e flowslide deposit characteristics; Ld Maximum sliding length of flowslide deposit on the
surface; Wd Maximum width of flowslide deposit; Dd Maximum depth of flowslide deposit; A Area of flowslide deposit projected on
horizontal plane; θ slope angle; HHeight of sandbox measuring from center of gravity; L Total sliding distance of flowslide deposit. (b) .e
process of center gravity constantly.

Table 2: Statistics on flowslide deposit morphology.

Orthogonal combination Y1jLd(10− 2m) Y2jWd(10− 2m) Y3jDd(10− 2m) Y4jA(m2) Y5j(Ld/Wd)(1)

A1B1C1 65.42 61.55 2.88 0.36 0.94
A1B2C2 68.33 70.51 1.40 0.43 1.03
A1B3C3 74.63 75.01 1.32 0.47 1.01
A2B1C2 73.33 52.00 2.79 0.32 0.71
A2B2C3 94.13 90.00 1.37 0.78 0.96
A2B3C1 79.27 64.51 3.23 0.44 0.81
A3B1C3 88.12 67.36 4.29 0.43 0.76
A3B2C1 95.08 88.50 2.68 0.71 0.93
A3B3C2 105.76 106.50 2.78 0.93 1.01
Note: Ld, maximum sliding length of flowslide deposit on the surface; Wd, maximum width of flowslide deposit; Dd, maximum depth of flowslide deposit; A,
area of flowslide deposit projected on horizontal plane; θ, slope angle; (Ld/Wd), length-width ratio.

Table 3: .e signal-to-noise ratio of elements of deposits morphology.

Orthogonal combination
Signal-to-noise ratio (dB)

Ld (10-2m) Wd (10-2m) Dd (10-2m) A (m2) (Ld/Wd) (1)

A1B1C1 35.79 36.31 9.19 − 8.76 − 0.53
A1B2C2 36.97 36.69 2.92 − 7.29 0.27
A1B3C3 37.5 37.46 2.41 − 6.51 0.04
A2B1C2 34.32 37.31 8.91 − 9.91 − 2.99
A2B2C3 39.09 39.48 2.73 − 2.1 − 0.39
A2B3C1 36.19 37.98 10.18 − 7.08 − 1.79
A3B1C3 36.57 38.9 12.65 − 7.3 − 2.33
A3B2C1 38.94 39.56 8.56 − 2.95 − 0.62
A3B3C2 40.55 40.49 8.88 − 0.6 0.06
Note: Ld, maximum sliding length of flowslide deposit on the surface; Wd, maximum width of flowslide deposit; Dd, maximum depth of flowslide deposit; A,
area of flowslide deposit projected on horizontal plane; θ, slope angle; (Ld/Wd), length-width ratio.
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the front and back and are nearly round; upheaval and wash
are arranged alternately on the surface. At 60°, the length,
width, length-width ratio, and area are 0.90m, 0.90m, 1.0,
and 0.57m2, respectively. At 70°, the length, width, length-
width ratio, and area are 0.74m, 0.75m, 0.99, and 0.42m2,
respectively. .e morphologies of the flowslides formed at
each of the four angles are symmetrically distributed about
the sliding central axis.

Comparing the shape of the deposits formed at each of
the four angles, we can see that, with an increase in slope
angle, the values of Ld, Wd, A, and (Ld/Wd) for the flowslide
deposit first increase and then decrease. .e main reason is
that, by increasing slope angle from 40° to 60°, the sum of
kinetic energy loss by the sliding body due to friction and
collisional energy loss on the slope break is reduced.
However, in increasing the slope angle from 60° to 70°, the
sum of the kinetic energy loss and the collisional energy loss
increases. In the experiment, the slope height was kept at a
constant value of 0.90m to each of the four angles, so the
initial potential energy was the same for each (Figure 4(b)).

.e smaller the slope angle, the greater the moving dis-
placement of the sliding body on the inclined plate, resulting
in greater kinetic energy loss caused by friction. When the
flowslide flows to a slope break where there is a change in the
direction of motion to a horizontal direction, and kinetic
energy loss will inevitably occur; kinetic energy loss is
positively related to the slope angle [32]. Under the con-
dition of changing angles, the increase in the length of the
flowslide deposit is significantly higher than the width. .is
is explained by the feature of straightness [33], which the
flowslide has during high-speed movement.

.ese laboratory findings can be examined in the context
of flowslides that occurred naturally. In Xihetan, Shaanxi
province, China, a low-angle flowslide deposit formed at a
45° slope angle and had a length of 289m, a width of 329m,
and a length-width ratio of 0.88 (Figure 7). Another low-
angle deposit formed in Shenzhen, China [34, 35], on a slope
angle of 24° with a length of 700m, a width of about 550m,
and a length-width ratio of about 1.27 (Figure 8). A large
slope angle (more than 60°) slide on the steep cliffs along the
coast of Northern Europe is shown in Figure 9..e following
are shown: in Figure 9(a), the deposit with a length 330m, in
Figure 9(b), the deposit with a length 150m, in Figure 9(c),
the deposit with a length 150m and width 120m, in
Figure 9(d), the deposit with a length 270m and width
300m, all of these deposits with a length-width ratio close to
1, alternating upheaval and wash on the surface of the
deposit, and an overall circular shape (Figure 9) [36, 37]. .e
actual flowslides at small angles and large angles are similar
to the deposit morphology and state of motion formed
during the current experiment. However, due to the dif-
ference in topography and the scale of the actual flowslides, it
is difficult to compare in terms of dimensional parameters,
such as the length and width of the deposit, leaving the
dimensionless length-width ratio, surface morphology, and
overall shape for comparison. In both the natural and the
modeled deposit morphology, a flat surface and a generally

Table 4: .e main factors of influence.

Morphological elements of deposit Influencing factors Level1 (dB) Level2 (dB) Level3 (dB) Extreme difference (dB) Influence order

Ld (m)
A 36.75 36.52 38.69 2.16 2
B 35.56 38.33 38.08 2.78 1
C 36.97 37.28 37.72 0.75 3

Wd (m)
A 36.82 38.25 39.65 2.78 1
B 37.51 38.58 38.64 1.08 2
C 37.95 38.16 38.66 0.71 3

Dd (m)
A 4.82 7.28 10.03 5.21 2
B 10.25 4.74 7.16 5.51 1
C 9.31 6.91 5.93 3.38 3

A (m2)
A − 7.52 − 6.37 − 3.62 3.90 2
B − 8.66 − 4.11 − 4.73 4.54 1
C − 6.27 − 5.93 − 5.31 0.96 3

(Ld/Wd) (1)
A − 0.07 − 1.72 − 0.97 1.65 2
B − 1.95 − 0.25 − 5.61 1.70 1
C − 0.98 − 0.90 − 0.89 0.09 3

Note: A, B, and C denote flowslide volume, slope angle, and height, respectively. Ld, maximum sliding length of flowslide deposit on the surface; Wd,
maximum width of flowslide deposit; Dd, maximum depth of flowslide deposit; A, area of flowslide deposit projected on horizontal plane; θ, slope angle;
(Ld/Wd), length-width ratio.

A B C A B C A B C A B C A B C

0

1

2

3

4

5

6

Influencing factors

Ex
tr

em
e d

iff
er

en
ce

 (d
B)

0.0

0.2

0.4

0.6

0.8

1.0

Ld Wd Dd Ld/WdA

Pa
tr

ia
l η

2

Figure 5: Statistical results using Taguchi method and multivariate
analysis of variance.
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tongue-shaped deposit form at low angles, while alternating
upheaval and wash on the deposit surface and a generally
circle-shaped deposit form at large angles.

3.4. Profile Morphology at Different Angles.
Multidimensional analysis of the morphology of flowslide
deposit can help researchers gain a deeper understanding of
morphology characteristics. Figure 10 shows the profiles of
the four flowslides depicted in Figure 6. Combining the
profile (Figure 10) with planar morphology (Figure 6), it can
be seen that, at smaller slope angles of 40° and 50°, a generally
single upheaval with heights of 0.027m and 0.018m can be
recognized with corresponding peak positions of 0.28m and
0.50m, respectively, although the surface of each deposit is
slightly undulated. .e position of the center of gravity is
consistent with the peak position of the upheaval. At larger
slope angles of 60° and 70°, the surfaces of the deposits are
undulated and there is double upheaval. .e maximum
height differences between adjacent upheaval and wash are
0.005m and 0.023m, respectively. .e heights of the front
upheaval are 0.009m and 0.026m with corresponding peak
positions of 0.67m and 0.40m, respectively. .e heights of
the back upheaval are 0.012m and 0.035m with corre-
sponding peak positions of 0.10m and 0.06m, respectively.
.e heights of the middle wash are 0.006m and 0.011m with
corresponding positions of 0.41m and 0.22m, respectively.
.e positions of the center of gravity are relatively consistent
with the position of the middle wash.

Comparing the four profiles shows a single upheaval
shape at smaller angles of 40° and 50° and a double upheaval
shape at larger angles of 60° and 70°. In the flowslides with
double upheaval, the height of the front upheaval is smaller
than that of the back upheaval. As the slope angle increases,
the average thickness of the deposit first decreases and then
increases, and the position of the center of gravity first
advances and then retreats. Based on the above comparison,
it can be considered that there should be a key angle in the
change laws of flowslide deposit morphology. If the slope
angle is less than or larger than the key angle under the same
conditions, the length and width of the deposit will decrease.
.e key angle is between 60° and 70° under the experimental
conditions in the paper. However, actually, the key angle of
flowslides should be different values depending on the
material of the sliding body and the terrain conditions.

.e profile figures of chalk flows [36] on the steep cliffs of
the European coast show similarities with the profile
morphology of the sandbox experiment for the larger angles,
especially the feature of double upheaval (Figures 11 and 12).
.ese two deposits shown in Figures 11 and 12 are 320m
and 200m in length, respectively. It can be seen from the
picture that the leading edge of the flowslide deposit is flat
and the surface shows double upheaval. .e front upheaval
is lower than the back upheaval. .e height difference be-
tween the middle wash and the back upheaval is greater than
that of the front upheaval. .e center of gravity is located
slightly in front of the middle wash. It is noticed that there is
a difference although the morphology of the double

Table 5: Variance analysis statistics.

Morphological elements of deposit Factors Quadratic sum DOF Mean square error Partial η2

Ld (m)

A 686.28 2 343.14 0.55
B 987.32 2 493.66 0.64
C 59.7 2 29.85 0.1

Error 564.58 2 282.29
Total 2297.87 8

Wd (m)

A 1083.03 2 541.51 0.87
B 224.48 2 112.24 0.59
C 48.97 2 24.49 0.24

Error 158.35 2 79.17
Total 1514.83 8

Dd (m)

A 2.89 2 1.44 0.76
B 3.42 2 1.71 0.79
C 0.73 2 0.37 0.45

Error 0.91 2 0.45
Total 7.95 8

A (m2)

A 0.11 2 0.06 0.52
B 0.13 2 0.07 0.56
C 0.01 2 0 0.06

Error 0.11 2 0.05
Total 0.36 8

(Ld/Wd) (1)

A 0.04 2 0.02 0.69
B 0.05 2 0.03 0.73
C 0 2 0 0.05

Error 0.02 2 0.01
Total 0.11 8

Note: Ld, maximum sliding length of flowslide deposit on the surface; Wd, maximum width of flowslide deposit; Dd, maximum depth of flowslide deposit; A,
area of flowslide deposit projected on horizontal plane; θ, slope angle; (Ld/Wd), length-width ratio.
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upheaval is the same. .e center of gravity of flowslide
deposit is located in the middle wash in experimental
conditions. However, the center of gravity is located in front
of the middle wash in actual flowslides. .e possible reason
mainly is the difference of properties of granular materials,
because the movement and accumulation process of flow-
slides are also affected by internal factors such as the particle
size and roundness of sliding body materials [14].

3.5. Mechanical Analysis of the Deposit Morphology.
Before the mechanical analysis, the properties of the
medium-fine sand and plexiglass should be noticed as a
basis for this analysis. .e friction coefficient 0.727 of the
medium-fine sand is larger than 0.538 of the interface of
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Figure 6: Contour map of flowslides topography at different slope angles: (a), (b), (c) and (d) corresponding to 40°, 50° 60° and 70°, respectively.

N

Figure 7: Xi Hetan flowslide, in China (34°29′32″N 108°50′13″ E).

N

Figure 8: Shenzhen flowslide. Source: Aerial image form Sou-
hu.com, in China (22°43′04″ N 113°56′31″ E).
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the plexiglass with the medium-fine sand. .e difference
of the friction coefficient between the interface and the
sliding body itself also existed in actual flowslides because
the interface will be lubricated by water or the liquefaction
effect [30, 38]. .erefore, the sliding body tends to flow
along the interface of the plexiglass, and the sand forms a
thin sand layer like an erodible bed before the main sliding
body arrived on both inclined and horizontal plates
[39, 40]. It provides an essential condition of the shear
action. Figure 13 shows the cross-sectional state of the
sliding body at three phases, in which phase 3, indicated
by a solid line, represents the final deposit state of the
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Figure 9: Topography of typical flowslides. (a) and (b) located in Folkestone Warren (51°05′03″ N 1°20′36″ E), (c) and (d) located Dover,
Kent (51°07′53″ N 1°20′36″ E). Source from Hutchinson [36].
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Figure 10: .e deposit profiles of flowslides at different angles.
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Figure 11: Flowslide occurred in May 1981 at Le Chien Neuf
(49°46′59″ N 0°25′19″ E). Source from Hutchinson [36].
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Figure 12: Flowslide occurred in May 1958 at Wissower Klinken,
Rügen, Germany (54°32′09″ N 13°40′42″ E). Source from
Hutchinson [36].
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sliding body. In this paper, the Mohr-Coulomb criterion is
used in the analysis of the formation of single and double
upheaval as follows:

τ � c + σ tanφ. (2)
Taking the numbers① and② as two microelements in

the sliding body, under a stress condition whereby the
maximum principal stress σ1 of the microelement at the
slope break is parallel to the direction of the inclined plate
and the confining pressure σ2 � σ3 is perpendicular to the
direction of the inclined plate (the microelements are small
enough, so it is considered that σ2 � σ3), shear behavior
occurs [22, 30, 31].

.e angle between the shear plane and the maximum
principal stress is defined as 45°− (φ/2), and the friction angle
φ in the sand material is 36°. For a microelement ① at
smaller slope angles of 40° and 50°, the counterclockwise
angles between the shear action direction and the overall
movement direction of the flowslide are 167° and 157°,
respectively, tending to horizontal, which is approximately
the same as the direction of the maximum principal stress in
the state of the microelement ②, which will be a source of
power for the morphology of single upheaval. Afterwards,
the microelements located on the horizontal plate move
along the shear plane at an angle of 27° counterclockwise
with the movement direction of the sliding body on the
horizontal plate under the obstruction of the other particles
in the front and the push of rear particles, similar to a thrust
nappe in macroscopic performance, resulting in deposit
morphology as a single upheaval.

.e formation of double upheaval is more complicated.
Here, it will be described according to the order of the front
upheaval, the wash, and the back upheaval. First, based on the
same calculation method as for the smaller angles, the
counterclockwise angles between the shear-action direction of
the microelement ① and the movement direction of the
sliding body on the horizontal plate are 93° and 83° at the
larger slope angles of 60° and 70°, respectively. At this point,
the sliding body deposits part of its load under the actions of
shear force and thrust force to form a rudiment of the front
upheaval, while the part of the sliding body on the horizontal
plate keeps moving under the inertial force and the thrust

force of the back part sliding body (the force state is similar to
the microelement②) and continues development of the front
upheaval gradually. Next, themicroelements at the back of the
front upheaval stop their shearing motion when the equi-
librium condition of equation (3) is satisfied; climbing is
stopped, and the wash is formed. However, mechanical
conditions still allow the microelements to move horizontally.
When the equilibrium condition of equation (4) is satisfied,
the horizontal movement stops. Assuming that the micro-
elements are small enough, the equilibrium condition can be
listed as follows:

m · g � τ · sin 45° −
φ
2

 , (3)

m · a � τ · cos 45° −
φ
2

 , (4)

where m is the mass of the microelement, g is the accel-
eration of gravity, τ is shear stress, a is the horizontal ac-
celeration of the microelement, and φ is the friction angle of
sand material.

Eventually, under the balance of equations (3) and (4),
the sliding body that is still moving at the trailing edge is very
small, as the speed, so the shear force provided can be re-
duced accordingly. At this time, if the internal shearing force
of the sliding body at the trailing edge is greater than the
shearing strength of the sliding body, the subsequent sliding
body is deposited at the foot of the slope to form the back
upheaval and conducts a localized shear motion based on the
shear force similar to the microelement ①; however, if the
shear force is less than the shear strength of the sliding body,
then the sliding body deposits at the slope break to form the
back upheaval. In general, the order of the formation process
of the double upheaval is front upheaval, wash, and back
upheaval.

.e formation of double upheaval morphology is also
owing to properties of the granular material. In this study,
there is a double upheaval morphology; nevertheless, this is
not in the study by Hu [14]. .e range of the granular
particle from 5×10− 6m to 4×10− 4m in this article is ob-
viously less than the range of the granular particle from
10− 3m to 1.6×10− 2m in the research by Hu [14]. .erefore,
the internal friction angle and cohesion of the experimental
material in this study are larger than those in the research by
Hu [14]..emore the internal friction angle and cohesion of
granular materials are, the more the difficult to disturb the
state of the deposit morphology [19] is. When the front
upheaval is formed, the granular material with a particle size
of 5×10− 6m to 4×10− 4m is more likely to keep its mor-
phology of the front upheaval in the disturbance of the back
sliding body compared with a particle size of 10− 3m to
1.6×10− 2m. If the backsliding body can not disturb the
formed front upheaval, it will accumulate in the slope break
forming the back upheaval meanwhile, whereupon the
double upheaval is formed.

For these change laws, as the slope angle increases, the
maximum width, maximum length, and area of the deposit
first increase and then decrease, similar to the results by Hu
[14] at the condition of the mass of fine particles changes.
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Figure 13: Schematic illustration of shear force of flowslide.
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Based on those results, a conclusion was proposed that there is
an optimum proportion of fine and coarse particles in the
granular materials, because the shear strength and friction
coefficient are increasing with the mass of fine particles in-
creases [41, 42]. In the condition that the internal friction
angle and cohesion are the smallest, the maximum width,
maximum length, and area are maximum. Hence, the de-
duction mentioned before is reasonable that there should be a
critical slope angle in the changes of the deposit morphology.

3.6. Apparent Friction Coefficient. To further understand the
rules that govern changes in the apparent friction coefficient
with slope angle and the distribution characteristics of the
apparent friction coefficient in different lithologies and dif-
ferent regions, the apparent friction coefficients and corre-
sponding slope angle data were collected for research from
three places. .ere are 28 soil flowslides in the Jingyang South
platform (34°29′32″N, 108°50′13″ E), Shaanxi province, China
[30], consisting of loess..e accumulation area is the even river
terrace, comprised of the loess deposit, underlain by the silty
clay deposit with interbedded sand layers occasionally. Along
the coast of northern Europe(51°05′03″ N, 1°20′36″ E), there
are 27 chalk flows [22] with a porosity ranging from 9% to 52%
and dry density ranging from 24.13 to 12.65 kN/m3. In
Wenchuan (31°00′00″ N, 103°40′00″ E), Sichuan province,
China [2], there are 44 rock flowslides that occurred in the
mountainous area and consisted of the sand-mudstonemainly.
.e accumulation area is relatively flat though it is hard to
compare with flowslides that occurred in Jingyang and coast of
northern Europe. An important reason why the above three
flowslide groups are taken as research objects is that they have
similar flow characteristic and long runout distance. In ad-
dition, the topographical condition of the accumulation area is
similar to the model test conditions. It can be seen from
Figure 14 that the overall relationship between the apparent
friction coefficient of flowslide and the slope angles shows a
nonlinear growth relationship. .is conclusion is consistent
with Crosta [22]. .e growth relationship is as follows:

H

L
�

tan θ
1 + (cos θ + ε sin θ)2 · ((tan θ/μ) − 1) 

, (5)

where θ represents the slope angle; H represents the slope
height; L represents the moving distance of the flowslide; ε is
the coefficient of velocity restitution when the sliding body
reaches the slope break to change its moving direction to
horizontal; μ is the friction coefficient.

.e difference in regional lithology determines the
difference between the friction coefficient μ and the co-
efficient of velocity restitution ε, so two different μ values
and three different ε values are set in this paper. When μ is
0.2 and ε is 0, 0.2, or 0.4, the curve better reflects the
overall trend of the three natural flowslide groups. When
the friction coefficient, μ, between the inclined plate and
the experimental material is 0.55 and ε is 0.4, the curve
shows good correlation with the experimental points. It
can be said that the friction coefficient determines the
height of the initial benchmark of the curve. .e larger the
value of the friction coefficient, the higher the initial

benchmark of the curve. .e coefficient of velocity res-
titution determines the change of the inflection point
when the curve changes from flat to rapid. .e larger the
value of the coefficient of velocity restitution, the larger
the horizontal coordinates of the inflection point.

From the point of energy conversion, energy loss at the
slope break is closely related to terrain and lithology. .e
kinetic energy loss is small when the junction of slope and the
accumulation area is a curved slope break; when the junction
has sharp edges, the kinetic energy loss is larger [13, 22].
Under the experimental conditions, in which slope height H
and volume are constant, as the slope angle increases, energy
loss also increases due to the collision of the flowslide and the
horizontal plate at the slope break [43, 44], which results in
shorter distance of movement of the sliding body. .e slope
angle in the chalk flow area is too large, and the energy loss is
excessive though the sliding path is lubricated by water be-
neath the accumulation area 1-2m. .e flowslides in Wen-
chuan affected by lubrication due to water are few. Besides,
there are many obstacles in the movement path because these
flowslides are located in a mountainous area though the
accumulation area is relatively flat, so energy loss is large.
However, for the flowslides in Jingyang, the path is flat and
straight as well as lubricated by the liquefied effect [31], and
the energy loss is small. .e flowslides in the model exper-
iment fall between the three natural flowslide groups, to the
left of chalk flows, above loess flowslides, and intersecting
with rock flowslides. .e apparent friction coefficient in the
condition of this model experiment is not the smallest al-
though the condition is ideal flat, for the reason that there are
no lubrications. .erefore, the lubrication effect plays a key
role in affecting the apparent friction coefficient.

4. Discussion

In this paper, the Taguchi method was employed inno-
vatively to study quantitatively the order of significance
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Figure 14: Comprehensive relationship between slope angle and
apparent friction coefficient. Formula comes from Crosta [22].
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and the maximal responses of combinations of factors
affecting flowslide deposit morphology. .e calculation
results in Figure 5 confirm that slope angle is the most
influential factor. .e maximum influencing combination
is a volume of 5.4 ×10− 3 m3, at a slope angle of 70°, and a
slope height of 0.90m, which will be useful to evaluate the
hazards of potential flowslides. Based on the accepted
knowledge that slope angle is the largest influencing
factor, further experimental research was performed. .e
conditions of small slope angles and large slope angles
show interesting phenomena of single upheaval and
double upheaval, respectively; the Mohr-Coulomb crite-
rion is used to explain the action of the shear motion
during the process. .e comprehensive study of apparent
friction coefficient shows a nonlinear increase with slope
angle as well as spatial and lithological differences in
distribution, which are affected by the friction coefficient
and the coefficient of velocity restitution.

Similar model experiments have been carried out to
analyze the movement rule of flowslide [4, 12, 21] and
deposit morphology [3, 16, 18, 22, 25]. Previous studies
focused on the influence of a single factor, and the research
content is more in-depth [8, 11, 45, 46], but the research
process is not systematic enough, as flowslide movement and
deposit morphology are determined by multiple factors,
including volume, slope angle, slope height, sliding body
material, and slip bed material. Of course, some scholars
have conducted multifactor experiments; for example,
Manzella [13] studied the influence of flowslide volume,
initial height, slope of slip bed, and the slope break on
movement characteristics, but the relative significance of
various factors governing the movement of flowslide has not
been revealed although the factors considered are com-
prehensive. An orthogonal experiment was used to study the
motion characteristics (velocity, acceleration) of flowslide
under the influence of various factors and found that slope
angle was the largest influencing factor [33], which is
consistent with the findings of this article though the re-
search content was different.

.e morphology of the double upheaval of flowslide was
also observed in an experiment similar to the current study
[1], which examined wave propagation in the macroscopic
view. .at experiment was also carried out with bulk ma-
terials. A wave would be formed when the experimental
materials slid or fell into the accumulation area; the initial
wave would accelerate suddenly as it was pushed by a
subsequent wave propagating forward. .e wave crest
formed when motion stopped due to resistance may be one
of the reasons for the formation of upheaval, and the wave
trough can be regarded as wash [1] in this paper. According
to the motion rule of the object, the flowslide is partially
reflected at the slope break [22] and then propagates in the
form of waves, which were observed somewhat during the
experiment of larger slope angles. Macroscopic wave
propagation may be the cause of the formation of upheaval
and wash on the surface of flowslide, but if the phenomenon
is deeply understood from the interior of sliding body, the
internal shear behavior in the movement of flowslide may be
reasonable. In addition, the morphology of actual flowslides

is also affected by properties of sliding materials [14, 19, 20].
With an increase of the mass of fine particles, the length and
width of the flowslide deposit increase first and then de-
crease [14]. .erefore, the difference of properties of
granular materials is contributing to the formation of the
double upheaval.

.e apparent friction coefficient is often involved in the
study of flowslide, but the focus here is on its relationship
with volume [5, 7, 9, 21, 38]. .ere are few studies that use
slope angle as a variable, including Lied and Bakkehoi [47]
and Okura [3], both of which proposed that the apparent
friction coefficient of flowslide was directly proportional to
the slope angle, but the results were based on the analysis of
only about 20 flowslides, so the conclusion was limited. .e
analysis in this paper involved 99 landslides in three areas,
and the conclusion is consistent with the viewpoint of Crosta
[22] in finding that the apparent friction coefficient increases
nonlinearly as the slope angle increases. In the comparison
made in this study, spatial and lithological differences in the
apparent friction coefficient are also found.

In this paper, an experimental idea of constant height of
the center of gravity is provided, but when the angle changes,
the sliding distance of the flowslide on the inclined plate
(Figure 4(b)) will inevitably increase, and the loss of kinetic
energy due to friction will increase accordingly. .erefore,
further improvement of the experimental device is needed to
reduce the kinetic energy loss due to the increase in the
sliding distance on the inclined plate. Modeling should also
include more influencing factors.

5. Conclusions

(1) .e combined influence factor obtained by the
Taguchi method demonstrates that when flowslide
volume is 5.4×10− 3m3, the slope angle is 70°, the
slope height is 0.90m, and the changes of deposit
morphology of the flowslide is the largest. .e ex-
treme differences of maximum length (Ld), maxi-
mum thickness (Dd), area (A), and the length-width
ratio (Ld/Wd) at three different levels under various
factors are 2.77, 5.51, 4.54, and 1.7, respectively. .e
calculation results indicate that the factor that has the
greatest impact on the deposit morphology of
flowslide is slope angle, followed by volume and
slope height.

(2) With an increase in slope angle, the width, length,
area, and length-width ratio of flowslide deposits first
increase and then decrease, and the maximum ac-
cumulation thickness first decreases and then in-
creases. And, there should be a critical angle in the
change laws of the flowslide deposit morphology,
that is, between 60° and 70° under the experimental
conditions. When the volume is 3.6×10− 3m3 and
the slope height is 0.90m, the slope angles at 40° and
50° both result in a single upheaval, while slope
angles of 60° and 70° both result in a double upheaval,
which has been explained by shear behavior in the
sliding body based on the Mohr-Coulomb criterion.
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(3) .e apparent friction coefficient of flowslide in-
creases nonlinearly as the slope angle increases and
shows spatial and lithological difference. .e greater
the friction coefficient of the sliding material, the
higher the initial benchmark of the curve; the larger
the coefficient of velocity restitution, the larger the
abscissa corresponding to the position of inflection
point when the curve changes from flat to rapid.
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In order to explore the monitoring and control method of rock slope, indoor physical model testing of collapse control and monitoring
were carried out with the example of a rock slope collapse area project in Jietai Temple in Beijing, China, as the prototype. Based on the
similarity theory, in this study, a new structural support with Negative Poisson’s Ratio bolt and flexible anchored net was utilized to
reinforce the rock slope. Following a graded loading sequence, the collapse failure characteristics and the overall control effect of energy
absorption reinforcement measures were explored. )e experimental results demonstrated that the entire process of slope collapse
presented four distinct stages of failure: fracture generation, fracture propagation, partial collapse, and overall collapse. )e full-field
displacement nephogram and the displacement monitoring point of the collapse area indicated that the large deformation and failure of
the collapsed surrounding rock were effectively controlled, while the Negative Poisson’s Ratio bolt and the flexible anchored net had
good reinforcement effects.)e experimental stress record presented that the change of pressure curve was an apparent regularity in the
entire process of slope collapse, which reflects the change state of internal force of surrounding rock; it includes the function of
monitoring of slope collapse. It was indicated that the Negative Poisson’s Ratio bolt along with the large-deformation flexible anchored
net had good reinforcement monitoring effect on the rock slope collapse disaster.

1. Introduction

Under the effects of rainfall, earthquake, and weathering, the
strength of rock mass becomes weak, causing the engi-
neering collapse [1–4], which was extremely destructive and
with high potential for dangers of tunnel, roadway, and slope
[5–9].)e failure of rock slope with multijoints was a kind of
prominent geological hazards; its failure mode is compli-
cated, and the treatment is difficult [10–12]. At present, the
treatment measures were mainly based on the traditional
support methods such as anchorage. Its resistance to slope
mass large deformation and anti-impact were poor. Its
deficiency was a major scientific problem limiting the on-site
safety of the slope. )erefore, it is necessary to conduct in-
depth research.

Currently, most of the research studies on slope collapse
were on site. Harry used reinforced piles to increase slope

stability [13]. Shi et al. utilized prestressed cable bolt and
concrete frame to reinforce the collapse of steep-high slope
of hydropower station [14]. Dong et al. researched the
collapse of high cutting slope with horizontal soft-hard
alternant strata and adopted anchorage, bolt-shotcrete for
reinforcement [15]. Lin et al. researched reinforcement
measures for the high and steep slope with weak rock mass
structures with a rock bolt and long anchor reinforcement
measures [16]. )e treatment method of slope collapse was
mainly based on bolt and bolt-shotcrete support; its ma-
terials are all common rebar. It has the low deformation
characteristics which are difficult to meet the safety re-
quirements of slope treatment. He et al. [17–20] developed a
new type of structural bolt; it was used in roadway and slope
reinforcement and has achieved good results. )e structural
bolt called “Negative Poisson’s Ratio bolt (NPR bolt)” has
ultra-high-energy-absorbing capacity by deforming with an
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extraordinarily large elongation at high constant resistance
[21]. To sum up, it was found that most of the control and
treatment of slope collapse were carried out in the order of
pretreatment, emergence, and retreatment. At present, the
main indoor research method was physical model test; it has
the strong intuitive characteristics, and the qualitative or
quantitative analysis that is applied to the rock slope stability
analysis [22–25]. Friedmann et al. studied the physical be-
havior of rock debris flow after collapse by model experi-
ment [26]. Alzo’ubi et al. studied the effect of tensile strength
on the toppling failures of the rock collapse by centrifuge test
[27]. Bourrier et al. compared and analyzed the rebound
model of the rock collapse by simulation test [28]. By means
of shaking table tests associated with numerical analyses, Li
et al. discussed the effect of seismic wave on response of
jointed antidip rock slopes [29]. At present, the physical
model test mainly studied the failure mechanism of the
collapse, but there was no in-depth study on the collapse
support.

)is paper takes Jietai Temple in Beijing, China, as the
research object. Aiming at the problem of slope collapse, the
paper proposes a support method utilizing “NPR
bolt + anchored net.” On the basis of field application, we
carried out the physical model test, the deformation char-
acteristics were studied under the condition of the new
support system, and the improved supporting measures and
monitoring methods were put forward, which provided a
theoretical reference for the comprehensive prevention and
control of the multijoint slope.

2. Geological Settings

)e geological structure around Jietai Temple in Mentougou,
Beijing, China, is complex and rich in minerals, such as clay
and limestone. Especially in the last ten years, with the ap-
plication ofmodernmining tools, the disturbance of large-scale
mining activities tomountain was further intensified, which led
to rock mass loosening, local goaf collapses, and cracks.

As shown in Figure 1, Jietai Temple was located at the
northern foot of Ma’an Mountain in the southwestern
mountainous area of Beijing. Its front was a ridge with a
north-south direction, located in the transition zone in-
between middle-low mountain and plain, while belonging to
the low mountain denudation geomorphic unit. )e
southern Ma’anshan Mountains were generally nearly east-
west, slightly inverse “S” curve, and the ridges were low
towards the east and high towards the west. According to
regional geological data analysis, the average elevation of the
collapse mass was about 46m, the slope direction is 254°, the
slope is about 80°, and the width is about 52m.

As shown in Figure 2, the upper lithology of the slope area
was sandy shale, which belonged to soft rock, with joint fissures
in rock mass and thick weathering layer. )e range of dan-
gerous rock mass was mainly concentrated on the steep slope
surface, with a thickness of approximately 1m. )e slope rock
mass structure was unstable and the structural plane was
developed.)ese structural planes cut the rock mass into lump
structures, and there were local rock collapses and fell blocks.
)e lower part was sandstone, with dense and hard

medium-thick layers, which could be utilized as a stable bearing
layer; the lithology of the collapse area was mainly sandy shale.

)is geological section reflects the typical characteristics
of the surrounding rock of the slope in the area around Jietai
Temple.)e surrounding rock has obvious joint fissures, and
the slope is in an unstable state with potential danger of
collapse. )e construction and design of the model test can
better simulate the structural characteristics of the sur-
rounding rock of the slope and greatly enhance the au-
thenticity of the physical model test, which is of
representative significance for the study of the slope collapse
support in the Jietai Temple area.

3. Model Test

3.1. Model Design

3.1.1. Test Device. In this experiment, the geological conditions
of rocky slope surrounding Jietai Temple inMentougou, Beijing,
were taken as the research background, while the plane stress
loading model experimental device of the State Key Laboratory
for Geomechanics and Deep Underground Engineering, China
University of Mining and Technology-Beijing, was adopted. As
presented in Figure 3, the experimental system consisted ofmain
parts, such as main engine structure and hydraulic control
platform. )e framework size was 3310mm× 970mm×

3010mm, which could accommodate the physical model size of
1600mm× 400mm× 1600mm. Six groups of hydraulic jacks
were distributed within each boundary direction. Each hydraulic
jack could be pressurized separately. )e loading range of
modeling the hydraulic cylinder is 0–5MPa, realizing step-by-
step loading of the physical model working face.

3.1.2. Similar Design. )e section size of the site collapse was
as follows: length× height� 52m× 46m; combining the size
of the site collapse and the experimental model, the geo-
metric similarity ratio of the model experiment was finally
determined [30, 31]:

CL �
Lp

Lm

� 30, (1)

where Lp are the geometric parameters of the prototype and
Lm are the geometric parameters of the model.)e similarity
ratio of the bulk density was determined through indoor
proportioning tests:

Cc �
cp

cm

� 1, (2)

where cp is the bulk density of the prototype; cm is the bulk
density of the model. )erefore, the stress similarity ratio
was finally determined as

Cσ � CLCc � 30,

Cε � Cf � Cμ � 1,

CE � Cσ � 30,

(3)

where Cε is the similarity ratio of strain, Cf is the similarity
ratio of friction coefficient, Cμ is the similarity ratio of
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Poisson’s ratio, and CE is the similarity ratio of elastic
modulus.

3.1.3. Slope Model Construction. As presented in Figure 4, the
rock strata in the model were laid out by unit plates made of
water, gypsum powder, fine river sand, and barite powder. )e
similar materials mechanics parameters meet the requirements
through laboratory rock mechanics experiments, and there
were slight differences that could be ignored; the mechanical
parameters were presented in Table 1.

As presented in Figure 5, the range of dangerous rock
mass was mainly concentrated on the steep slope surface.
Combining the actual geological conditions in the field, the
structural surface and secondary fracture surface of rock
layers were simulated through using the layering of unit
plates made of similar materials to restore the real structure
of the slope rock. )e weak structural plane between each
layer of unit plates could be regarded as bedding in the rock
mass, and the vertical crack between unit plates could be
regarded as joint fissure in the rock mass.)e small-size unit
plate was utilized to build slope model to simulate the joint-
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Figure 2: Site slope and model diagram of Jietai Temple.

N

Figure 1: Location of the Jietai Temple slope.
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intensive area in the slope fractured rock mass zone; the
width of the zone was 60mm.

3.1.4. Load Design. In the first stage, as presented in
Figure 6(a), the horizontal pressure σx � 0.2MPa and the
vertical pressure σy � 0.2MPa were applied to the entire
model, while the pressure remained unchanged for 20
minutes subsequently to preloading. In the second stage, as
presented in Figure 6(b), the top of the model was con-
tinuously loaded step by step, with 0.1MPa as the loading
step, and the horizontal pressure on both sides remained
unchanged. Finally, horizontal pressure σx � 0.2MPa and

vertical pressure σy � 0.6MPa were applied to the entire
model. )e entire process lasted 100 minutes in five stages.
)e experimental loading steps are presented in Figure 6(c).

3.2. Reinforcement Design

3.2.1. NPR Bolt and Its Reinforcing Principle

(1) NPR Bolt Structure. Figure 7 presents the NPR bolt,
consisting of a constant cone, a sleeve pipe, a shank rod, a
bearing plate, and a tightening nut [32, 33]. )e larger end
diameter of the cone was slightly bigger than the inner

(a)
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00

m
m

60
0m

m

(b)

Figure 4: Physical model test diagram: (a) lateral view; (b) model geometry.
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Figure 3: Plane strain loading experiment device.
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diameter of the sleeve pipe. When the cone and the sleeve
pipe slip were relative to each other, the frictional resistance
(such as the working resistance of the bolt) was generated.
)e inner surface of the sleeve pipe was screw thread
structure, which increased friction along with the cone.
When the axial external load (tension) acted in the opposite
direction to the anchored end on the working bearing plate,
the sleeve pipe displacement was relative to the cone, while
the NPR bolt was extended as a whole.

(2)Working Principle of NPR Bolt. Figure 8 presents the NPR
static stretch diagram. Its working was divided into three
stages. In the elastic deformation stage, when the defor-
mation energy of surrounding rock was low and the axial
force applied on the shank rod was lower than the design
constant resistance of bolt, the constant resistance device did
not move. At this time, the bolt relied on the elastic de-
formation of the bolt body material to resist the deformation
and failure of rock mass. )e structural deformation stage,
which, with the gradual accumulation of deformation energy
of surrounding rock, the axial force applied on the bolt body
was higher than or equal to the design constant resistance of
the NPR bolt. )e cone in the sleeve pipe slid along the inner
wall of the casing; the constant resistance was furnished
during the slip process, relying on the structural deformation

of the constant resistance device to resist the deformation
and failure of rock mass. After the bolt deformation of
material and structure, the deformation of surrounding rock
could be fully released, while the surrounding rock was again
in a relatively stable state. In the destruction stage, the
surrounding rock continued to deform, while the dis-
placement of the NPR bolt constant resistance body con-
tinued to increase beyond its ultimate tensile length; also, the
NPR bolt lost its reinforcing effect.

3.2.2. Model Bolt Design. Due to the large geometric sim-
ilarity, the model NPR bolt design could only satisfy the
similar scale in the length direction, while the dimension of
the cross-sectional direction was satisfied as high as possible
on the basis of satisfying the mechanical similarity char-
acteristics. )erefore, the length of the designed bolt was

LM �
Lp

Lm

�
1800
30

� 60mm, (4)

where LP is the geometric parameter of the prototype; Lm is
the geometric parameter of the model. )e mechanical
similarity ratio of anchor bolt in experimental design was

CF � C
3
LCc � 303 × 1 � 27000, (5)

Table 1: Physical and mechanical parameters of rock mass and model materials.

Lithology Bulk density
(kN/m3)

UCS
(MPa)

Tensile strength
(MPa)

Elastic modulus
(GPa)

Internal friction
angle (°)

Cohesion
(MPa)

Poisson’s
ratio

Sandy
shale

Prototype 25.2 18.6 0.86 18.8 35 9.62 0.19
Model 25.9 0.68 0.03 0.6 32 0.34 0.14

Similarity
ratio 1 27 29 31 1 28 1

Sandstone

Prototype 26.5 23.8 1.13 25.4 38 12.14 0.26
Model 27.1 0.81 0.04 0.85 34 0.42 0.23

Similarity
ratio 1 29 28 30 1 29 1

Sandy shale
Sandy shale

Sandstone

Simulated slope

Weak structural plane Joint fissure Joint fissure
intensive area

Figure 5: Joint fissure simulation diagram of slope model.
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where CL is geometric similarity ratio; Cc is bulk density
similarity ratio. )erefore, constant resistance could be
obtained as

PM �
P

CF

�
160 kN
27000
≈ 6N, (6)

Due to the model size limitation, if the reinforcement
was carried out according to the calculation results of

similarity ratio, the bolt installation spacing would be too
low. Finally, one bolt was determined to replace six bolts.
)is signified that the constant resistance of the bolt in the
design model was

PM
′ � PM × 6 � 6N × 6 � 36N. (7)

)e mechanical parameters of engineering-scale NPR
bolts and model-scale NPR bolts are presented in Table 2.

First loading step

Slope
model

σy = 0.2MPa

σy = 0.2MPa

σ x
 =

 0
.2

M
Pa

σ x
 =

 0
.2

M
Pa

(a)

Slope
model

σy = 0.2MPa

σy = 0.6MPa

σ x
 =

 0
.2

M
Pa

σ x
 =

 0
.2

M
Pa

Last loading step

(b)

σy = 0.2
σx = 0.2 σy = 0.3

σx = 0.2
σy = 0.4
σx = 0.2 σy = 0.5

σx = 0.2
σy = 0.6
σx = 0.2

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

Pr
es

su
re

 (M
Pa

)

0 10 20 30 40 50 60 80 9070 100 110
Time (min)

Load

A1

A2

A3

A4

A5

(c)

Figure 6: Loading path of physical model test: (a) first loading stage; (b) last loading stage; (c) hierarchical loading diagram.
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Figure 7: Schematic of three-dimensional view of NPR bolt.
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Figure 9 presents the NPR bolt model: (1) was a sleeve
pipe of 8mm in inner diameter, the external diameter was
10mm, and the length was 65mm; (2) was a cone of 4.8mm
in small end diameter and 8.1mm in large end diameter.)e
diameter of the large end was higher than the inner diameter
of the constant resistance sleeve, while a small hole
mounting rod was left at the top of the cone and the cone was
mounted inside the sleeve pipe to form a constant resistance
device; (3) was a tightening nut, which was installed at the
top of the sleeve pipe, prestressing the NPR bolt; (4) was a
bearing plate to transfer prestressing force; (5) was a shank
rod, for which one end was connected to the top of the cone,
while the other end was anchored to the rock mass.)e cone
was pulled by the shank rod to produce friction in the sleeve
pipe as constant resistance. )e model NPR bolt was
composed of these five parts. )e material of the sleeve,
tightening nut, and bearing plate was resin, made through
3D printing SLA (Stereo Lithography Apparatus) technol-
ogy, which restored the constant resistance reinforcement
characteristics of NPR bolt.

Figure 10 presents the static tension curve of the model
NPR bolt. It could be observed that bolt reinforcement
deformation could be divided into elastic stage, constant
resistance stage, and failure stage. Tensile displacement was
2mm in elastic stage and 55mm in the constant resistance
stage. )e maximum resistance of model bolt was 43N, for
which the minimum was 33N and the average value was
37N, which was basically the same as the design value of
model bolt.

3.2.3. Reinforcement Monitoring Design. Figure 11 presents
the reinforcement layout design; a total of 8 bolts were
designed to be installed in 5 rows (i.e., rows A, B, C, D, and
E), two bolts were installed in rows A, C, and E, and one bolt

was installed in rows B and D, respectively. )e pressure
sensor was installed between the bearing plate and the
tightening nut for whole-course pressure monitoring, while
the anchored net was fixed under the bearing plate. )e
pressure sensor could monitor the pressure change of the
bolt in real time.

Figure 12 presents the structure of anchored net; it was
made of spiral iron wire. Its static tensile curve was presented
in Figure 13. )e iron of anchored net could bear the
maximum tension of 25N in the deformation stage of its
own structure, while its yield strength was 190N. When the
collapse failure occurred, the anchored net was forced to
produce tensile deformation, while absorbing the instan-
taneous impact force generated through the collapse mass to
prevent the anchored net from being destroyed; then the
anchored nets were pulled up and deformed. It was extended
as a whole and produced “net pocket” effect to encapsulate
the falling rocks. Also, it could prevent the falling rocks
causing damage.

4. Analysis of Experimental Results

4.1. Failure Process Analysis. Figure 14 presents the stress
record of B1 and C1 pressure sensors for the entire loading
process of the model slope. Due to the pressure generated
after prestressing, it was necessary to reset the pressure
sensor to zero so as to observe the pressure change during
the test.

According to the stress change of the monitoring curve,
the reinforcement could be divided into three stages: the
elastic stage, the constant resistance stage, and the failure
stage. In the elastic stage, no large deformation exists in the
surrounding rock of the slope and the axial force applied on
the bolt body was lower than the constant resistance of the

180
160
140
120
100

80
60
40
20

0
Fo

rc
e (

kN
)

Statistical Pmax (170kN)

0 100 200 300 400 500 600 700 800
Displacement (mm)

690mm (effective elongation of contstant resistance)

Statistical Pmin (150kN)

Elastic phase

Failure phase

Constant resistance phase

Figure 8: Static tension diagram of NPR bolt.

Table 2: Physical and mechanical parameters of engineering-scale and model-scale bolts.

Bolt type Length (mm) Elongation indicator (mm) Maximum tensile force
(N)

Minimum tensile force
(N)

Average value
(N)

Engineering-scale NPR bolts 1800 700 17000 150000 160000
Model-scale NPR bolts 135 56 43 33 37
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model NPR bolt. )e constant resistance device did not slip.
)e bolt relied on the elastic deformation of the bolt body
material to resist the deformation and failure of the rock
mass, while the pressure monitoring curve continued to
decline. In the constant resistance stage, with the accu-
mulation of deformation energy of the surrounding rock of
the slope, the surrounding rock displaced, while the axial
force applied on the bolt body was higher than the constant
resistance of the bolt. )e constant resistance body in the
constant resistance device slid. After the deformation of the
material and structure of the bolt, the surrounding rock was
again in a relatively stable state, while the pressure moni-
toring curve remained relatively stable for a period of time
subsequently to fluctuation. In the failure stage, as the
surrounding rock continued to deform beyond its ultimate
tensile length, the anchor broke and the pressure monitoring

curve dropped sharply to zero. According to the collapse
process of the experimental model, combined with the stress
of the monitoring curve, the pressure monitoring curve was
divided into five processes, namely, OA, AB, BC, CD, and
DE.

)e curves AB and BC correspond to the elastic phase of
the model NPR bolt. )e pressure curve continued to de-
scend and then remained relatively stable, but there was no
significant fluctuation, indicating that the axial force applied
on the bolt was lower than the constant resistance of the
model NPR bolt. )e constant resistance device did not slip.
)e bolt relied on the elastic deformation of the bolt material
to resist the deformation and collapse of the rock mass. )e
curves CD and DE correspond to the constant resistance
phase of the bolt. )e pressure curve began to fluctuate
following a sharp drop and then fluctuated sharply after
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Figure 10: Model NPR bolt static tension curve.
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Figure 9: NPR bolt model: (a) bolt components; (b) NPR bolt assembled.
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Figure 12: Anchored net structure support system layout.
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Figure 13: Static tension curve of the single anchored net.
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Figure 11: NPR bolt support system layout.
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remaining relatively stable for a period of time. It indicated
that the cone had slid and the bolt had structural defor-
mation. After the curve point E, the bolt removal stage was
corresponding. )e pressure curve rises sharply to zero. It
presented that the bolt reached its ultimate tensile length; the
bolt was broken and lost its function.

Figure 15(a) presents the model picture of compaction
stage. )e horizontal pressure and the vertical pressure were
applied to the model, corresponding to the OA phase of the
stress record. At this stage, the model had no apparent
change. Small cracks existed in the middle of each layer of
the unit plate during the model building stage. When the
slope model was pressurized as a whole, the interlayer cracks
were gradually compacted and the model became an entity.
)e record of the section OA presents that the pressure was
unchanged basically; this indicated that the slope was stable.

Figure 15(b) presents the model picture of fracture
generation stage. )e horizontal pressure and the vertical
pressure were applied to the model, corresponding to AB
section of stress record. At this stage, many microcracks
occurred in the model. As presented in Figure 15(b) (i), the
vertical microcracks were generated near the slope surface,
such as in the red solid line marking position. Many cracks
occurred near the slope in the lower part of the model of
1mm in width. As presented in Figure 15(b) (ii), bulges and
cracks existed in the middle and lower parts of the slope,
along with small cracks and breakage in other parts, without
deformation in the anchored net. )e record of section AB
presented the continuous increase of pressure. It means that
the internal stress of rock mass changed, which was the first
stage of slope collapse monitoring.

Figure 15(c) presents the model picture of fracture
propagation stage. )e horizontal pressure and vertical
pressure were applied to the model, corresponding to the BC
section of the stress record. As presented in Figure 15(c) (i),
the cracks in the upper part of the model section near the
slope surface extended to the deep part of the slope; the

maximum width of the cracks was 7mm, while the width of
the cracks in the middle part was 2mm. Two circular
protrusions occurred on the upper surface of the model
section; the diameter was 1 to 2 cm. As presented in
Figure 15(c) (ii), the upper part of the slope was severely
damaged, with the surface spalling within a large area. A low
amount of collapse blocks was wrapped by the anchored net,
while the anchored net was deformed by punching. A high
amount of cracks occurred in the middle and lower parts,
while a low amount of surface spalls occurred. From record
of section BC, it could be observed that the increase
remained stable following a sharp drop. It indicates that the
internal stress of rock mass continued to increase, which
constituted the second stage of slope collapse monitoring.

Figure 15(d) presents the model picture of local collapse
stage. )e horizontal pressure and the vertical pressure
were applied to the model, corresponding to the CD section
of the stress record. At this stage, the upper part of the
model collapsed and the entire model was unstable. As
presented in Figure 15(d) (i), the cracks in the upper part of
the model section near the slope extended to the middle;
the widest part of the cracks was 10mm. A large number of
cracks in the upper part of the model had a width of
1–5mm. )ere are 5 circular bulges with a diameter of
1–5mm in the upper part of the slope. As presented in
Figure 15(d) (ii), the upper and middle parts of the slope
collapsed, resulting in large pieces of collapse peeling off
and wrapping by anchor mesh, leading to severe defor-
mation of the anchored net. )e collapse in the lower part
of the model was lighter than that in the upper part; the
surface spalling within a large area and the anchored net
produced a low amount of deformation. )e record of
section CD presents that the pressure curve rose slightly
after a sharp drop and then remained stable; it means that
the NPR bolt began to produce structural deformation.

Figure 15(e) presents the model picture of the entire
collapse stage. )e horizontal pressure and vertical pressure
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were applied to the model, corresponding to the DE section
of the stress record. At this stage, the model occurs the large
area collapse. As presented in Figure 15(e) (i), the cracks in
the upper part of the model section extended around the
slope with a maximum crack width of 15mm. Also, a high
amount of cracks occurred in the middle and upper parts of
1mm to 5mm in width, while a low amount of spalling
occurred on the upper surface. As presented in Figure 15(e)
(ii), the entire slope was collapsed; in addition, serious
deformation occurred on the slope, and a large amount of
collapse spalling was wrapped by the anchored net. )is led
to severe deformation of the anchored net. It could be seen
from the CD segment record that the pressure fluctuates
with a high frequency; it presented that the NPR bolt
continued to produce structural deformation.

4.2. Digital Speckle

4.2.1. Principle. In this model experiment, the MTI-2D
digital image measurement system was utilized to quantify
the full-field displacement [33–35]. )is system was also
called noncontact strain measurement and parameter re-
verse analysis system. It was composed of MTI-2D two-
dimensional measurement and simulation optimization
analysis software, AVT-CCD industrial camera, and
lighting system (halogen lamp or LED), along with fixture
and calibration board. )e two-dimensional measurement
and simulation optimization analysis software constituted
the postprocessing software of the system, used to process
the acquired image information. )e image acquisition
control software was connected to the industrial camera
through a computer device to perform real-time image
acquisition on the experimental target. )e industrial
camera had a maximum resolution of 5 million pixels and a
frequency of ≥30Hz. )e displacement pixel accuracy
measured by the system was 0.001–0.01, the displacement
resolution was 0.1 μm, and the strain resolution was
20–50 με, while the strain measurement range was 0.005%–
2000%.

Prior to experimentation, the speckles were made on the
model section. )e entire speckle pattern had high contrast,
high anisotropy, and nonrepetition [36]. )e basic principle
of the system was to use the scattered spots randomly
distributed on the surface of the model as the information
carrier. Contrast analysis of the speckle pattern provided
information, such as the displacement field.

)e center point coordinates of a surface of an object
were let to be P(x, y) and any point of Q(xi, yi) nearby.
When the object was deformed, the corresponding coor-
dinates of two points were P′(x0′, y0′) and Q′(xi

′, yi
′).

P′ and P had the following relationships:

x0′ � x0 + μ,

y0′ � y0 + v.
(8)

Q and Q′ had the following relationships:

xi
′ � xi + μQ,

yi
′ � yi + vQ,

(9)

where μ and v represent the displacement components of
point P on the x- and y-axes, respectively; μQ and vQ rep-
resent the displacement components of point Q on the x-
and y-axes, respectively.

Let the gray scale of point p prior to and following
deformation be

f(Q) � f xiyi( ,

g Q′(  � g xi
′, yi
′( .

(10)

It could be concluded that

μQ � μ + μxΔx + μyΔy ,

vQ � v + vxΔx + vyΔy ,

Δx � xi − x0( ,

Δy � yi − y0( .

(11)

Among these, f represents the gray scale function of the
image before deformation and g represents the gray scale

(e)

Figure 15: . Photograph of model collapse process: (a) compaction stage: (i) lateral view and (ii) side view; (b) fracture generation stage: (i)
lateral view and (ii) side view; (c) fracture propagation stage: (i) lateral view and (ii) side view; (d) local collapse stage: (i) lateral view and (ii)
side view; (e) entire collapse stage: (i) lateral view and (ii) side view.
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function of the image after deformation. μ, μx, μy, v, vx, vy

are displacement vectors.
In order to determine the displacement correspondence

before and after deformation, C(f, g) is introduced to
determine the degree of similarity of the images before and
after the displacement as

C(f, g) � C xi, yi, xi
′, yi
′(  � C(P). (12)

From the above equation, it could be observed that
C(f, g) is a function of P and its minimum value was found
as

zC

zP
� 0. (13)

4.2.2. Displacement Nephogram Analysis. Figure 16(a)
presents the displacement nephogram of the model com-
paction stage, in which the direction of horizontal dis-
placement was the same as that of the x-axis. As presented in
Figure 16(a) (i), the entire model produced low displace-
ment, while the displacement of the top part of the model
was apparent. )e displacement presented a decreasing
trend from the upper part to the middle part of the model,
while the displacement of the lower part had no apparent
difference. As presented in Figure 16(a) (ii), no apparent
difference existed in the displacement. )is indicated that
the model had reached the compact state. )e maximum
displacement of the top part of the model was 1.9mm and
the displacement of other areas was 1.3mm.

Figure 16(b) presents the displacement nephogram of
the model fracture generation stage. As presented in
Figure 16(b) (i), the horizontal displacement of the model
increased significantly, while the displacement from the
right side (near the slope) to the left side of the model
presented a decreasing trend, while the displacement change
region also presented a decreasing trend. As presented in
Figure 16(b) (ii), there was a gradual increase of displace-
ment in the central region, while it decreased in the upward
and downward directions. )e displacement of the middle
position of the model was 6.2mm.

Figure 16(c) presents the displacement nephogram of the
model fracture propagation stage. As presented in
Figure 16(b) (i), the displacement trend changed highly and
the maximum displacement region shifted to the upper part
of the model compared to the fracture generation stage, and
the horizontal displacement significantly increased. )e
displacement variation of nephogram was divided into four
grades, while the displacement gradually decreased from top
to bottom and the displacement increment of the upper part
of the model near the slope surface was the highest. As
presented in Figure 16(c) (ii), the trend of displacement had
no major change in the nephogram compared to
Figure 16(b) (i). )e displacement growth area of the upper
part of the model expanded downwards, especially on the
side close to the slope, where the growth was faster and the
displacement could be up to 30mm.

Figure 16(d) presents the displacement nephogram of
the partial collapse stage of the mode. As presented in

Figure 16(d) (i), the trend of displacement change was lower
compared to the fracture propagation stage. As presented in
Figure 16(d) (ii), the displacement of the upper part of the
model near the slope increased rapidly, while the growth
region was extended along the slope to the middle. No
apparent change existed in the displacement of the lower
part of the model or the upper part of model slope, while the
displacement of the model reached 32mm.

Figure 16(e) presents the displacement nephogram of the
overall collapse stage of the model. As presented in
Figure 16(e) (i), the trend of displacement change in this
stage was lower compared to the local collapse stage, while
the displacement change region was mainly concentrated on
the upper part of the model near the slope, diffusing out-
wards. As presented in Figure 16(e) (ii), the horizontal
displacement of the model increased slowly, while the area of
displacement growth expanded downwards. )e maximum
horizontal displacement of the upper and middle parts near
the slope was 41mm.

Derived from the displacement cloud map during the
model experiment, the horizontal displacement was mainly
concentrated on the upper part of the model near the side of
the slope.)e displacement growth area extends downwards
along the side slope, gradually decreasing from top to
bottom. )e maximum displacement region extended
downwards along the slope and the horizontal displacement
of surrounding rock reached 41mm.)emaximum increase
of displacement was in the fracture propagation stage, but
the surrounding rock did not collapse in an instant. In the
stage of local collapse and entire collapse, the displacement
increased slowly until the overall collapse of the slope.

4.2.3. Displacement Analysis of Monitoring Points. As pre-
sented in Figure 17, column A and column B monitoring
points were taken parallel to the slope direction in the slope
model; the horizontal distance between column A and the
slope was 5 cm, while column B was 15 cm. )e distance
between points A1 and B1 and the top of the slope was
10 cm, and the vertical distance between each monitoring
point was 25 cm. )e monitoring points were selected to
analyze the change rule of horizontal displacement.

)e horizontal axis coordinates of the following dis-
placement curves represented pictures of different states
corresponding to different moments taken through the
speckle system during the entire experiment. Stages I, II, III,
IV, and V in the displacement curves represented the model
compaction stage, the fracture generation stage, the fracture
expansion stage, the partial collapse stage, and the overall
collapse stage, respectively.

In Figure 18, it could be observed that the horizontal
displacement trends of column A and column B were
roughly the same. )e horizontal displacement curve of
each monitoring point increased apparently, but the
displacements of measuring points of A5 and B5 were
unchanged. )e increasing range of displacement of each
monitoring point (except point A2) grew gradually from
the bottom to top, especially for monitoring point A2. )e
fracture expansion stage had a high influence on the
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horizontal displacement of the model, but, after this stage,
the displacement was raised slightly with the loading path.
)e displacement of the monitoring points A1, A2, B1,
and B2 were higher than others; this indicated that the
collapse was mainly concentrated in the middle and upper
parts of the slope. )e horizontal displacement of column
A was larger than that of column B as a whole; this in-
dicated that the closer to the slope area, the more serious
the rock mass collapse. )e maximum horizontal dis-
placement of column A was 35mm, while that of column
B was 28mm.

5. Discussion

As an important research method, the physical model test
has some difficulties and limitations in quantitative research,
but this method can directly reflect the real process of slope
collapse under support conditions. )e physical model is
mainly adopted with simplified geological conditions. Al-
though the physical model presupposes the surrounding

rock joints, it is unable to simulate the joints widely dis-
tributed in the rock mass. )e joint setting in the physical
model will lead to some differences between the test results
and the field observation results, which is one of the chal-
lenges faced by the current physical model test methods. In
order to solve this problem, the model block made of similar
materials is used to establish the test model, and the interface
between the model blocks is used to simulate the nodes.

)e model test phenomenon should well reflect the
deformation of slope under the support of NPR bolt system.
)e failure characteristics of the slope agree well with the
displacement monitoring results.)rough themonitoring of
NPR anchor pressure, the supporting effect is verified, es-
pecially the change rule of pressure record, which has certain
reference value for rock slope collapse monitoring. )e
experiment reproduces the collapse process of rock slope
and reveals the supporting effect of NPR anchor. In this
paper, the physical model test method is proposed to provide
an effective method for the study of rock slope collapse
support and monitoring.

41
(mm)

–26

41
(mm)

–26

(d)

41
(mm)

–26

41
(mm)

–26

(e)

Figure 16: Displacement nephogram of slope model: (a) compaction stage: (i) prior to load application and (ii) after loading; (b) fracture
generation stage: (i) prior to load application and (ii) after loading; (c) fracture propagation stage: (i) prior to load application and (ii) after
loading; (d) local collapse stage: (i) prior to load application and (ii) after loading; (e) entire collapse stage: (i) prior to load application and
(ii) after loading.
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6. Conclusions

Physical model tests and pressure sensor and displacement
nephogram analyses were carried out to investigate the
effects of NPR bolt system, characteristics of collapse, and
monitoring of rock slope. Based on the test and the nu-
merical results, the following conclusions may be drawn:

(1) According to the analysis of the slope failure char-
acteristics, the slope model collapse can be divided
into four distinct stages: fracture generation stage,
fracture propagation stage, local collapse stage, and
overall collapse stage.

(2) )e displacement nephogram of the slope and the
displacement change trend of the monitoring points
show that the displacement increases the most in the
fracture propagation stage, but the surrounding rock
did not collapse in an instant.)en, the displacement
increased slowly until the whole slope collapsed. It

indicated that the NPR bolt had a constant resistance
effect after being subjected to the instantaneous
impact force, effectively preventing the instanta-
neous overall collapse of the surrounding rock; that
realized the stable reinforcement of surrounding
rock and highly reduced the potential safety hazards
of rock slope collapse. Flexible anchored net
absorbed the instantaneous impact force of the
falling rocks, while wrapping it to prevent falling.

(3) From the comprehensive analysis of slope failure
characteristics and stress records, it could be con-
cluded that the change of pressure curve presented
apparent regularity in the entire process of slope
collapse and reflected the change state of the internal
force of surrounding rock. )e curve in section AB
was decreased apparently. It means that the internal
stress of rock mass changed, which was the first stage
of slope collapse monitoring.)e curve of section BC
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Figure 18: Horizontal displacement curves of displacement measuring points: (a) A1–A5 measuring points; (b) B1–B5 measuring points.
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Figure 17: Displacement measuring points layout.
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presents declined sharping and then maintains a
transitory stable stage. )is was the second stage of
collapse monitoring; this monitoring stage of slope
was particularly important; this indicated that the
slope was imminent collapse.

(4) )rough the comprehensive analysis of model test,
the new support system has good support effect on
the deformation and failure of rock slope with joints
and has the function of slope monitoring, which can
catch the stress change of surrounding rock timely
and without delay, and has highmonitoring accuracy
for the test slope, thus providing a theoretical basis
for the support and monitoring of other similar rock
slopes.
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