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*is study was based on research on the impact of environmental regulation on industrial efficiency in 30 provinces from 2005 to
2017 in China. For the explained variables, the industrial efficiency of the DEA-Malmquist method was utilized for the de-
composition andmeasurement of overall factor productivity, and government environmental governance variables were added as
instrumental variables for two-stage least-squares regression. In addition, environmental regulatory intensity and year were
utilized as threshold variables for the threshold test. In the benchmark regression, environmental regulation harms regional
industrial efficiency. However, according to the IV estimation of government environmental governance variables, environmental
regulation has a positive effect on the transformation of regional industrial efficiency. *e influence of environmental regulation
on industrial efficiency will be first suppressed and then promoted with the gradual increase of regulatory intensity. Furthermore,
there is significant spatial heterogeneity in the impact of environmental regulations.

1. Introduction

Whether environmental regulation impedes industrial effi-
ciency is somewhat controversial in academic circles. On the
one hand, neoclassical research argues that environmental
regulation raises production costs, raises unemployment,
and reduces the competitiveness of economies. On the other
hand, environmentalists and others argue that stronger
environmental regulation policies can force firms to increase
research and development of clean technologies, thereby
reducing costs and environmental pollution. *ere are three
theories in these mentioned studies. In the first place, there is
the “Porter hypothesis-innovation compensation” effect, in
which environmental regulation promotes innovation,
which is generally based on overall factor productivity or its
subtechnological progression. Second, there is the “double
dividend” theory, in which environmental taxation will
cause a “green dividend” of curbing pollution, improving the
environment a “blue dividend” of increasing social em-
ployment, and promoting economic growth. *ird, there is
the “pollution sanctuary” effect, in which economic activities
are relocated to areas with lax environmental regulations,

resulting in the increased environmental pollution in the
area in exchange for economic growth.*e first two theories
illustrate the positive effect of environmental regulation on
industrial efficiency, while the last theory illustrates the
inhibiting effect of environmental regulation on local green
welfare. Since the “Porter hypothesis” [1] was proposed in
1991, a considerable number of scholars have started to
verify whether environmental regulation affects firm pro-
ductivity and innovation activities, but until now, the
“Porter hypothesis” has not reached a consensus. Chakra-
borty and Chatterjee [2] constructed a nonequilibrium panel
DID model using the German ban on azo dyes enacted in
July 1994 as a quasi-natural experiment and found that the
German dye ban had a significant effect on the innovation
expenditure of upstream fuel manufacturing firms (up-
stream firms) in India. Trevlopoulos et al., Yang et al., and
Zhang et al. explored the positive impact of environmental
regulation on enterprise innovation and industrial structure
upgrading [3–5]. Yu and Wang explained the economic
benefit of environmental control policies in the process of
industrial upgrading [6]. A considerable number of studies
focus on the existence of the “pollution sanctuary effect”, but
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there are some differences in the target population. Shi and
Xu studied the impact of environmental regulations on
import and export from the perspective of international
trade flow [7]. Some scholars employed the flow of inter-
national capital as the object to verify whether the “pollution
shelter effect” exists. For example, Lu and Wu utilized the
Air pollution Prevention and Control Law to verify whether
there is a pollution paradise effect [8]. Zhao et al. is the
representative literature of studies on the pollution haven
effect and the test of the double dividend hypothesis, who
proposed the effect of environmental regulation on the
spatial layout of industries and its effect through different
geographic locations of polluting industries. *eir evidence
indicated that the water pollution industry migrates up-
stream after environmental regulation is enhanced [9].
Huang and Lei further studied how environmental regu-
lation affects green investment in enterprises [10], while
Stavropoulos et al. discussed the evolutionary relationship
between environmental regulation and industrial competi-
tiveness [11]. In addition, Zhang et al. made useful explo-
rations from sustainable development, reusing industrial by-
products, and green construction in civil engineering
[12–16], and further expanded the research scope of envi-
ronmental regulation and industrial development.

In summary, these authors employed scientific research
methods and instruments to scientifically determine the
direction and extent of the effect of environmental regula-
tion on industrial efficiency. *e specific steps are as follows:
first, according to the “Porter’s hypothesis-innovation
compensation” hypothesis, the DEA-Malmquist method is
utilized to measure the industrial overall factor productivity
(industrial TFP) index and its decomposition terms: effi-
ciency change, technological progress, the industrial TFP
index of 30 provinces, autonomous regions, and munici-
palities directly under the Central and Western regions of
China from 2005 to 2017. Next, the commonly utilized
composite index method was then employed to construct a
comprehensive measurement system for the intensity of
environmental regulations in Chinese industry to measure
the intensity of environmental regulations. *ird, the panel
data of 30 Chinese provinces from 2005 to 2017 are selected,
and the backward effect of environmental regulations on
industrial efficiency is verified by using panel regression with
fixed effects and the least-squares instrumental variables
method [17]. Ultimately, through threshold regression [18],
the threshold characteristics and spatial heterogeneity of
environmental regulations are verified. Based on the spatial
heterogeneity and related literature studies, foreign direct
investment, regional economic development level, and
provincial intervention policies are used as control variables
to eliminate influencing factors besides the core explanatory
variable of environmental regulation.

2. The Measurement of Industrial Overall
Factor Productivity

2.1.ResearchMethodology-Malmquist Index. *eMalmquist
index has the advantage of further decomposing produc-
tivity changes into efficiency changes and technological

progress. Among them, efficiency change refers to the
change in organizational and managerial efficiency within
the industry, which comes from the change in the efficiency
of the original technology use and the efficiency change
caused by the scale of production. *erefore, it can be
further decomposed into pure technical efficiency change
and scale efficiency change. Technological progress alludes
to the productivity change caused by the introduction or
upgrading of technology. *is method has the advantages of
not requiring factor price information and a specific form of
a production function. It is effortless to calculate efficiency
and can deal with multiple input and output problems, so it
is more favored among scholars. Due to the limitation of
space, this study briefly introduces the construction method
of the Malmquist productivity index.

*e Malmquist productivity index is defined using a
distance function and refers to the geometric mean of the
Malmquist productivity index in period t versus period t+ 1.
Assuming the premise that each provincial district is a
decision unit, (xt, yt) and (xt+1, yt+1) represent the input-
output quantities in period t and period t+ 1, respectively,
and the change in the input-output relationship means the
change in productivity, denoted by Mt+1
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In equation (1), Dt
i(xt, yt) is the hybrid distance func-

tion, which is the inverse of the technical efficiency.
Productivity changes do not only come from techno-

logical progress but also efficiency changes. When we say
efficiency, we mean the efficiency of utilizing the production
technology, that is, the distance between the production
frontier surface and the actual amount of output, denoted by
EFFCHt+1

i ; the technological progress is themovement of the
production frontier surface, denoted by TECHCHt+1

i :

TECHCHt+1
i x

t
, y

t
, x

t+1
, y

t+1
􏼐 􏼑 �

����������������������������

D
t+1
i x

t+1
, y

t+1
􏼐 􏼑

D
t
i x

t+1
, y

t+1
􏼐 􏼑

×
D

t+1
i x

t
, y

t
􏼐 􏼑

D
t+1
i x

t+1
, y

t+1
􏼐 􏼑

􏽶
􏽴

,

EFFCHt+1
i x

t
, y

t
, x

t+1
, y

t+1
􏼐 􏼑 �

D
t
i x

t
, y

t
􏼐 􏼑

D
t+1
i x

t+1
, y

t+1
􏼐 􏼑

.

(2)

*eMalmquist productivity index can be decomposed as
the product of efficiency changes and technical progress:
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If M> 1, it indicates overall productivity (TFP) growth;
otherwise, it indicates a decline. If EFFCH> 1, it represents
efficiency improvement, i.e., proper management style and
decision-making; if EFFCH< 1, it represents efficiency de-
terioration, i.e., improper management style and decision-
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making. If TECHCH> 1, it indicates an improvement in
production technology; if TECHCH< 1, it indicates a de-
cline in production technology.

2.2. Input-Output Variables Selection and Data Sources.
Based on the availability of data and the need for empirical
research, this study employed industrial enterprises above
the scale to represent the whole industrial industry. In the
research process, the overall industrial fixed assets of
above-scale enterprises were utilized to replace capital
input. In addition, the average annual number of all em-
ployees of industrial enterprises was utilized to replace
labor input, and the industrial value-added of above-scale
enterprises was selected as the expected output. *e data
were obtained from the China Statistical Yearbook and
China Environmental Statistical Yearbook from 2005 to
2017.

2.3. Analysis of Measurement Results. *is study employed
DEAP2.1 software to calculate the industrial data of 30
provinces and regions in China from 2005 to 2017 to derive
industrial TFP and its decomposition terms: efficiency
change and technological progress.

Overall, China’s industrial productivity from 2005 to
2017 generally indicated a slight fluctuation downward
trend, which is chiefly due to the decline of the technical
change index and is also in line with the current stage of
China’s economic adjustment into the “new normal” trend
(Table 1). Since 2010, China’s economic development has
entered a period of growth rate shift, ending nearly 20 years
of continuous economic growth. *is can be seen as an
indication that China’s economy is being optimized and
diversified. International experience indicates that when
developing countries are in the development stage of
economic start-up, they often pursue rapid economic
growth and tend to neglect technological progress and
structural optimization, resulting in problems like the
imbalance between economic and social and urban and
rural income distribution. As a result, the economy stag-
nates or even declines severely, falling into the “middle-
income trap.” In addition, a comparative study found that
China’s industrial overall factor productivity achieved
positive growth in 2009–2010 and 2012–2013, which chiefly
depended on the growth of the technological progress
index.

As can be seen from Table 2, China’s regional industrial
TFP decreased in 2005–2017, with the eastern and western
regions declining more significantly and the central region
tending to be stable. Among the more economically de-
veloped provinces in the east of China, only Zhejiang
Province has significantly improved its efficiency, and only
Henan Province and Guizhou Province have improved their
overall factor productivity in the central and western re-
gions, but the efficiency of other provinces has not increased
or declined. *ese all reflect that China’s industrial enter-
prises are optimizing their industrial structure and seeking
space for industrial upgrading.

3. Selection, Measurement, and Analysis of
Environmental Regulation
Intensity Indicators

3.1. Environmental Regulation Intensity Indicator (FERI).
*e implementation of environmental regulations depends
on the willingness of local governments, the level of regional
economic development, the current situation of environ-
mental pollution, etc. Even if a country formulates a uniform
regulatory policy, the intensity of implementation may vary
from region to region.*is study applied the comprehensive
index method commonly utilized by scholars [8] to con-
struct a comprehensive measurement system of the envi-
ronmental regulation intensity of Chinese industries,
including a target layer and four evaluation index layers
(wastewater, waste gas, waste residue, and others) and
calculate the environmental regulation intensity of indi-
vidual pollutants and the comprehensive environmental
regulation intensity of each province by assigning different
weights to different pollutants. Based on the severity of
various pollutant emissions in China and the availability of
data, three individual indicators of wastewater treatment,
waste gas, and solid waste investment in each province are
selected to construct a comprehensive measurement system
of environmental regulation intensity. *is indicator con-
struction method is as follows: in the first place, the three
single indicators are linearly standardized; that is, the values
of each indicator are converted to within the range of [0, 1]
by mathematical transformations to eliminate the incom-
mensurability between indicators and the contradiction
between indicators. *e calculation formula is as follows:

PR
s
ij �

PRij − min PRj􏼐 􏼑

max PRj􏼐 􏼑 − min PRj􏼐 􏼑
, (4)

where i refers to the province (i � 1, 2, . . . 30) and j refers to
all types of pollutants (j � 1, 2, 3); PRij are the original
values of each indicator, while max(PRj) and min(PRj) are
the maximum and minimum values of the three individual
indicators for each province each year. In addition, PRs

ij are
the standardized values of each indicator.

*e adjustment coefficient (ωij) and the weight are
calculated for each indicator. For different provinces, the
proportion of pollution emissions of “three wastes” varies
greatly, so their treatment project investment also varies; for
a particular province, the degree of treatment of different
pollutant emissions also varies. *erefore, different weights
are provided to the indicators of wastewater, waste gas, and
solid waste in each province, and the weight of each indi-
cator is adjusted to reflect the changes in the treatment of
major pollutants in each province. *e adjustment coeffi-
cients are calculated as follows:

ωij �
Eij/􏽐 Eij

Yi/􏽐 Yi

, (5)

where ωij is the adjustment factor of pollutant j in province
i. Eij is the emission of pollutant j in province i, so 􏽐 Eij is
the overall emission of the same pollutant in the country.
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Moreover, Yi is the industrial value-added in province i, so
􏽐 Yi is the national industrial value-added. After calcu-
lating the adjustment coefficients of exhaust gas, waste-
water, and solid waste for each year, the average value of the
adjustment coefficients during 2005–2017 was then cal-
culated as ωij.

Ultimately, the standardized values and average weights
of each indicator are utilized to calculate the intensity of
environmental regulations in each province as

FERIi �
1
3

􏽘

3

j�1
ωij · PR

s
ij. (6)

Table 2: Average values of industrial TFP indices and their decomposition indices in the three major regions, 2005–2017.

Province TEP changes Efficiency changes Technological advances Pure technical efficiency Scale efficiency
Beijing 0.992 1.022 1.000 0.992 1.015
Tianjin 1.011 1.058 1.001 1.011 1.070
Hebei 1.000 1.037 1.000 1.000 1.037
Liaoning 0.989 1.050 0.983 1.006 1.039
Shanghai 1.011 1.058 1.000 1.011 1.070
Jiangsu 0.988 1.068 0.984 1.005 1.055
Zhejiang 1.025 1.033 1.014 1.011 1.059
Fujian 0.938 1.023 0.953 0.985 0.960
Shandong 0.984 1.073 0.988 0.996 1.056
Guangdong 0.991 1.067 1.000 0.991 1.057
Hainan 1.006 1.041 1.008 0.998 1.046
Eastern region (mean) 0.990 1.050 0.990 1.000 1.040
Shanxi 1.020 1.031 1.015 1.004 1.051
Jilin 1.002 1.022 1.002 1.000 1.024
Heilongjiang 0.988 1.024 0.988 1.000 1.012
Anhui 0.995 1.054 1.000 0.995 1.048
Jiangxi 0.968 1.028 0.975 0.994 0.996
Henan 1.043 1.041 1.038 1.004 1.085
Hubei 1.007 1.024 1.006 1.002 1.032
Hunan 1.000 1.036 1.000 1.000 1.036
Central region (mean) 1.000 1.030 1.000 1.000 1.040
Neimenggu 0.997 1.024 0.999 0.998 1.021
Guangxi 0.994 1.022 1.000 0.994 1.016
Chongqing 0.983 1.021 0.983 0.999 1.003
Sichuan 0.993 1.027 0.994 1.000 1.020
Guizhou 1.031 1.023 1.018 1.013 1.055
Yunnan 0.959 1.028 0.959 0.999 0.986
Shanxi 1.009 1.028 1.001 1.008 1.037
Gansu 0.955 1.026 0.969 0.986 0.980
Qinghai 1.015 1.071 1.000 1.015 1.088
Ningxia 1.032 1.041 1.000 1.032 1.075
Xinjiang 0.973 1.018 0.966 1.007 0.990
Western region (mean) 0.990 1.030 0.990 1.000 1.020

Table 1: Industrial TFP index and its decomposition index from 2005 to 2017.

Years TEP changes Efficiency changes Technological advances Pure technical efficiency Scale efficiency
2006/2005 1.015 1.043 1.000 1.016 1.059
2007/2006 1.002 1.091 0.987 1.015 1.094
2008/2007 0.988 1.184 0.993 0.995 1.170
2009/2008 0.955 0.972 0.965 0.990 0.929
2010/2009 1.112 1.018 1.073 1.037 1.132
2011/2010 0.980 1.158 0.990 0.990 1.135
2012/2011 0.998 0.986 0.992 1.006 0.984
2013/2012 1.009 0.916 1.020 0.988 0.923
2014/2013 0.977 1.013 0.984 0.993 0.989
2015/2014 0.946 0.990 0.964 0.982 0.936
2016/2015 1.001 1.010 0.995 1.006 1.010
2017/2016 0.983 1.099 0.978 1.005 1.081
2005–2017 0.997 1.04 0.995 1.002 1.037
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*e higher value indicates the more severe environ-
mental regulation.

3.2. Analysis ofMeasurement Results. From Table 3, it can be
seen that the average intensity of environmental regulations
in the western region is significantly higher than that in the
central and eastern regions, which laterally reflects that the
industrial structure in the western region is significantly
lower than that in the eastern and central regions. In the
eastern region, the intensity of environmental regulations in
Liaoning Province is significantly higher than that in other
provinces, which is in line with the current industrial de-
velopment of Liaoning Province as an old industrial pro-
duction base whose urgent need is for industrial
restructuring. In the central region, the environmental
regulation intensity is higher in Anhui Province, and in the
western region, the environmental regulation intensity is
higher in Guizhou and Gansu Provinces, both of which
possess a unique industrial structure and need to upgrade
their industrial structures. In terms of years, from 2009, local
governments in all provinces increased the intensity of
environmental pollution control, which continued to a high-
intensity status in 2014. After 2015, the domestic industrial
structure was significantly improved, and the intensity of
environmental regulations was significantly moderated and
improved.

4. The Impact of Environmental Regulation
Intensity on Industrial Efficiency: Model
Setting and Transmission
Mechanism Analysis

4.1. Setting of the Measurement Model

4.1.1. Model Variable Design. To chiefly explore the impact
of environmental regulation on industrial efficiency in
China, a panel data regression method was utilized for
empirical testing, and 30 provincial and urban adminis-
trative units across China from 2005 to 2017 were selected as
the research objects. Formal environmental regulation in-
dicators were incorporated into the measurement equation
as the core explanatory variables, while other factors af-
fecting industrial efficiency were introduced in the form of
control variables. To prevent heterosexuality and multidis-
ciplinary, the variables were logarithmically treated, and the
specific variable design is shown in Table 4.

4.1.2. Model Setting Test

(1) Model 1. *e cross-sectional individual variable coeffi-
cient model, or the variable coefficient model, is described in
the following way:

Yit � αi + Xitβi + μit, i � 1, . . . , n, t � 1, . . . , T, (7)

where Xit is the 1 × K vector, βi is the 1 × K vector, and K is
the number of explanatory variables.

(2)Model 2.*e cross-sectional individual variable-intercept
model, or the variable-intercept model, is described as
follows:

Yit � αi + Xitβ + μit, i � 1, . . . , n, t � 1, . . . , T. (8)

*e model indicates that there are individual effects
(variable intercepts) but no variation in the economic
structure among cross-sectional individuals, so the structural
parameters are the same across cross-sectional individuals.

(3) Model 3. *e cross-sectional individual intercept, or
coefficient invariant model, is described as follows:

Yit � α + Xitβ + μit, i � 1, . . . , n, t � 1, . . . , T. (9)

*e model indicates that there are no individual effects
(variable intercepts) and no changes in economic structure
among cross section individuals; therefore, both the inter-
cept and structural parameters of the model are the same.

For all three models, it is tested whether the parameters
inscribing the explanatory variables are constant at all cross-
sectional sample points and at a time; that is, it is tested in
which of the previous three cases the problem under study
falls to determine the form of the model. *e widely utilized
test is the covariance analysis test, also known as the F-test,
which tests the following two main hypotheses.

Hypothesis 1. *e slopes are the same at different cross-
sectional sample points and times, but the intercepts are not
the same:

H1: yit � αi + Xitβ + μit. (10)

Hypothesis 2. *e intercept and slope are the same at dif-
ferent cross-sectional sample points and at a time:

H2: yit � α + Xitβ + μit. (11)

To test the parametric constraint of the multiple linear
regression model, if Hypothesis 2 is accepted, no further
testing is required; if Hypothesis 2 is rejected, Hypothesis 1
should be tested to see if the slopes are all equal. If Hy-
pothesis 1 is rejected, Model 1 should be utilized.

*e results show that the hypothesis of “intercept and
slope are the same across cross-sectional sample points and
time” is rejected at the 5% significance level with F� 1.273,
while the hypothesis of “the slope is the same across cross-
sectional sample points and time, but intercept is different”
is accepted at the 5% significance level with F� 1.293 with
different intercepts.*erefore, the fixed effects model should
be chosen:

IVAit � αi + FERIitβ + FDIitc1 + GDPitc2 + EPitc3 + μi + tt + εit.

(12)

In the previous model, the corresponding parameters β,
c1, c2, and c3 vary with cross-sectional individuals, where
the explanatory variable is IVAit with the industrial value-
added of the region i in year t, characterizing industrial
efficiency. *e core explanatory variable FERIit is the
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intensity of environmental regulations in region i in year t.
*e control variables FDIit, GDPit, and EPit are the actual
amount of foreign direct investment utilized by the region i
in year t. *e overall GDP of each region, the number of
industrial enterprise units above the scale, characterizing
foreign direct investment, the GDP of each region, and the
intervention policy of each province are shown, respectively,
in addition to controlling for individual fixed effects μi and
time-fixed effects tt.

Due to the association causality between the explanatory
variables and the core explanatory variables, to mitigate their

endogeneity, the authors employed a method of Chen and
Chen [15] and selected the government environmental
governance variable as an instrumental variable to measure
the full picture of government environmental governance by
the frequency of environment-related terms in provincial
government work reports. *is indicator not only measures
the strength of local government environmental governance
but also mitigates the endogeneity problems arising from the
use of existing metrics.

To summarize, to quantitatively examine the impact of
government environmental governance on industrial

Table 4: Model variable design.

Variable type Variable Name Variable indicators Variable representation
Explained variables Industrial efficiency Industrial value-added IVA
Core explanatory
variables Environmental regulation Environmental regulation intensity FERI

Foreign direct investment Actual utilization of foreign direct investment (USD
million) FDI

Control variables Regional economic
development level Overall GDP after deflating by region (billion yuan) GDP

Provincial intervention
policies

*e number of state-owned industrial enterprise units
above the scale (a) EP

Table 3: Environmental regulation intensity in 30 Chinese provinces, 2005–2017.

Region 2017 2016 2015 2014 2013 2012 2011 2010 2009 2008 2007 2006 2005 Mean
Beijing 0.04 0.04 0.04 0.01 0.02 0.02 0.02 0.02 0.03 0.09 0.07 0.29 0.25 0.07
Tianjin 0.03 0.02 0.23 0.11 0.06 0.09 1.11 0.27 0.31 0.18 0.19 0.27 0.38 0.25
Hebei 0.23 0.08 0.31 0.47 0.47 0.40 0.50 0.22 0.26 0.28 0.27 0.35 0.62 0.34
Liaoning 1.03 0.34 0.72 0.88 2.82 2.27 1.47 3.84 2.80 2.80 1.76 2.51 0.44 1.82
Shanghai 0.57 0.39 0.69 1.34 2.79 0.50 1.19 0.35 0.65 0.30 0.47 0.72 0.05 0.77
Jiangsu 0.06 0.08 0.62 0.09 0.10 0.03 0.07 0.22 0.38 0.10 0.36 0.10 0.12 0.18
Zhejiang 0.04 0.01 0.04 0.03 0.05 0.02 0.11 0.16 0.14 0.06 0.05 0.02 0.06 0.06
Fujian 0.26 0.23 0.16 0.05 0.13 0.03 0.20 0.06 0.15 0.06 0.28 0.02 0.04 0.13
Shandong 6.23 0.69 0.12 0.20 0.05 0.07 0.07 0.05 0.21 0.21 0.24 1.31 0.18 0.74
Guangdong 0.41 0.30 0.28 0.12 0.51 0.43 0.23 0.15 0.21 0.18 0.54 0.26 0.45 0.31
Hainan 0.18 0.24 0.29 0.18 0.30 0.24 0.07 0.07 0.34 0.05 0.06 0.13 0.05 0.17
Eastern region (mean) 0.83 0.22 0.32 0.32 0.66 0.37 0.46 0.49 0.50 0.39 0.39 0.54 0.24 0.44
Shanxi 0.15 0.28 0.10 0.05 0.13 0.18 0.06 0.07 0.15 0.13 0.11 0.12 0.22 0.13
Jilin 0.05 0.31 0.33 0.20 0.35 0.18 0.15 0.31 0.21 0.10 0.11 0.51 0.96 0.29
Heilongjiang 0.46 0.30 0.53 0.23 0.38 0.17 0.25 0.28 0.20 0.21 0.25 0.32 0.25 0.29
Anhui 0.80 0.83 1.29 0.73 0.55 0.92 1.41 0.66 0.68 1.25 0.97 0.78 1.19 0.93
Jiangxi 0.13 0.32 0.17 0.17 0.93 0.07 0.26 0.27 0.27 0.26 0.36 0.53 0.27 0.31
Henan 0.08 3.42 0.05 0.06 0.11 0.10 0.10 1.28 0.98 0.13 0.17 0.52 0.23 0.56
Hubei 0.06 0.05 0.08 0.07 0.20 0.26 0.15 0.53 0.24 0.17 0.39 0.61 0.42 0.25
Hunan 0.06 0.04 0.12 0.04 0.07 0.22 0.06 0.09 0.09 0.02 0.21 0.20 0.19 0.11
Central region (mean) 0.22 0.69 0.33 0.19 0.34 0.26 0.31 0.44 0.35 0.28 0.32 0.45 0.47 0.36
Neimenggu 0.01 0.05 2.02 0.90 0.05 0.11 0.05 1.11 0.15 0.05 1.28 0.06 0.12 0.46
Guangxi 0.06 0.01 0.04 0.04 0.03 0.06 0.05 0.07 0.06 0.02 0.03 0.08 0.00 0.04
Chongqing 0.01 0.01 0.04 0.07 0.04 0.03 0.28 0.15 0.09 0.15 0.23 0.16 0.25 0.12
Sichuan 0.05 0.02 0.04 0.06 0.08 0.08 0.20 0.08 0.13 0.26 0.26 0.45 0.34 0.16
Guizhou 0.02 0.03 0.09 0.10 0.32 0.28 7.79 0.79 6.86 0.73 0.81 1.09 0.25 1.47
Yunnan 0.04 0.15 0.58 5.36 0.86 0.73 0.58 0.99 0.88 1.62 0.37 0.55 0.15 0.99
Shanxi 0.05 0.06 0.10 0.10 0.37 0.46 0.47 1.64 0.56 0.09 0.32 0.18 0.19 0.35
Gansu 0.01 0.22 0.01 0.07 0.16 8.74 0.38 1.50 1.38 0.51 0.67 1.12 0.17 1.15
Qinghai 0.05 0.22 0.59 0.36 0.26 0.04 0.22 0.40 0.23 0.02 0.01 0.01 0.00 0.19
Ningxia 0.51 0.72 0.54 4.98 1.29 0.34 0.31 0.43 0.57 0.33 0.44 0.38 0.03 0.84
Xinjiang 0.05 0.03 0.14 0.20 0.17 0.04 0.20 0.17 0.74 0.03 0.02 0.01 0.00 0.14
Western region (mean) 0.08 0.14 0.38 1.11 0.33 0.99 0.96 0.67 1.06 0.35 0.40 0.37 0.34 0.54
Mean 0.39 0.32 0.35 0.57 0.45 0.57 0.60 0.54 0.66 0.35 0.38 0.46 0.26
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efficiency in China, the two-stage least-squares regression
model (2SLS) is set as follows:

F􏽢ERIit � δiZit + FDIitλ1i + GDPitλ2i + EPitλ3i + υit,

IVAit � αi + FERIitβ + FDIitc1 + GDPitc2

+ EPitc3 + μi + tt + εit.

(13)

Zit is the number of environment-related terms, “en-
vironmental protection,” “environmental protection,”
“pollution,” “energy consumption,” “emission reduction,”
“sewage,” “ecology,” “green,” and the sum of the word
frequencies of “low carbon.”*e previous 2SLSmodel is able
not only to assess the impact of government environmental
governance on environmental regulation but also to further
screen the resulting impact on industrial efficiency.

4.2. Analysis of the Impact of Environmental Regulation
Intensity on Industrial Efficiency and Its Transmission
Mechanism

4.2.1. Fixed Effects Model Regression. *e results of the fixed
effects model estimation indicate that the coefficient of the
environmental regulation variable is significantly negative,
indicating that the increase in the intensity of environmental
regulation has a significant negative impact on regional
industrial efficiency. In other words, the more stringent
government environmental protection measures and the
higher demands on industrial enterprises will increase the
operational pressure on enterprises, therefore reducing in-
dustrial efficiency. In contrast, the regression coefficients for
foreign direct investment, gross regional product, and
provincial intervention policies are all significantly positive
and passed the 1% significance test, suggesting that these
three factors contribute significantly to improving industrial
efficiency (Table 5).

4.2.2. Regression Analysis of Instrumental Variables.
Considering that the regression results of the baseline model
are likely to have endogeneity problems, the frequency of
words about environmental vocabulary in government work
reports was utilized as an instrumental variable for envi-
ronmental regulation, drawing on the approach of Chen
Shiyi’s scholar [6]. *is indicator not only measures the
strength of local government environmental governance but
also mitigates the endogeneity problem of the model.

*e parametric results of the instrumental variables
regression indicate that the F-test values of the first stage
regression, although small, are large enough to reject the
initial hypothesis due to the large enough sample size, in-
dicating that the selected instrumental variables are highly
correlated with the endogenous variables. In the two-stage
least-squares estimation model, the core explanatory vari-
ables of both Model 1 and Model 3 passed the 1% signifi-
cance test with positive coefficients, indicating that
environmental regulation has a significant positive impact
on industrial efficiency when instrumental variables are
added for correction. *e increased environmental pro-
tection efforts by the government have forced local industrial

enterprises to transform and upgrade using technology,
eliminating end-use industries and “screening” them, which
greatly increases the proportion of green and high-tech
enterprises and improves the industrial productivity of the
whole region. Compared with the baseline regression, GDP
and provincial intervention policies have a significant
positive effect on the improvement of industrial efficiency.
*e higher the GDP is, the more favorable the construction
of infrastructure and the introduction of a labor force is.
*erefore, the more favorable the increase in industrial
efficiency is, the higher the provincial intervention policy is.
In other words, the higher the number of state-owned in-
dustrial units above the regional scale, the more conducive it
is to uploading orders and implementing local government
policies related to environmental protection. In the process
of implementing environmental protection policies, sub-
sidies will be provided for R&D technology, which is more
conducive to industrial efficiency (Table 6).

4.3. Spatial Heterogeneity of Environmental Regulation and
Industrial Efficiency

4.3.1. Setting of the PanelDresholdModel. Empirical studies
indicate that the backward effect of environmental regula-
tion on industrial efficiency does exist, but the stronger the
environmental regulation is, the more significant the
backward effect on industrial efficiency is. When ques-
tioning the Porter hypothesis, Xu [19] pointed out that the
Porter hypothesis is based on the premise of “properly
designed environmental regulations.” In a certain period, a
country or region can withstand the impact of how many
enterprises are eliminated at a certain limit. If more than a
certain limit, such regulatory intensity and standards are not
feasible. Too harsh or too relaxed regulatory intensity may
not be conducive to the improvement of industrial effi-
ciency. *erefore, there may be several “thresholds” for
environmental regulations to affect industrial efficiency, and
the impact on industrial efficiency may differ significantly
depending on whether the relevant variables in each
province cross the corresponding threshold. At the same
time, considering the differences in the level of economic
development, foreign investment, and the number of state-
owned enterprises in each province, the relationship

Table 5: Baseline model (fixed effects) estimation results.

Explanatory variables
Explained variable: industrial efficiency
FE (1) FE (2) FE (3) FE (4)

Environmental
regulation −95.45 −146.58 −90.06 −85.62

Foreign direct
investment 0.0029∗∗∗ 0.0009∗∗∗ 0.0007∗∗∗

Gross regional product 1.144∗∗∗ 1.154∗∗∗
Provincial
intervention policies 0.085∗∗∗

Individual fixed effects Yes Yes Yes Yes
Time-fixed effects Yes Yes Yes Yes
Observations 390 390 390 390
Modified R-square 0.90 0.92 0.97 0.97
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between the two may be spatial, indicating there may be
spatial heterogeneity in the relationship between the two.

To empirically test this hypothesis, this study drew on
Hansen [18], Wang [20], and other scholars to first en-
dogenously group 30 Chinese provinces through threshold
tests, followed by estimation and significance tests of the
threshold characteristics of the environmental regulation
effect for each subsample, which not only ensures the re-
liability of the threshold value but also enables examining the
relationship between environmental regulation intensity and
industrial efficiency in China “threshold effect.” On this
basis, a panel threshold regression was conducted to
quantitatively analyze the spatial heterogeneity in the rela-
tionship between the two. *e panel threshold regression
model was set as follows:

IVAit � αi + FERIitβ1 × d q≤ωi( 􏼁 + FDIitc1 × d q>ωi( 􏼁

+ GDPitc2 + EPitc3 + μi + tt + εit,
(14)

where d(∗ ) is the equation sex function, q denotes the
threshold variable, and ωi is the specific threshold value; β1
and β2 denote the elasticity coefficients of the backward
industrial efficiency of environmental regulation intensity at
q≤ωi and q>ωi, respectively.*e sign or estimates of β1 and
β2 should be significantly different if the threshold choice is
reasonable and the threshold estimates passed the
significance.

4.3.2. Selection and Testing of Dreshold Variables.
According to the principle of the threshold regression
model, it is known that the threshold variables can be either
explanatory variables or other independent variables in the
model. *e intensity of environmental regulation and the
level of economic development differ greatly among prov-
inces, so the intensity of environmental regulation and its lag
period, as well as the GDP of each province and its lag
period, were selected as alternative threshold variables
(Table 7).

Based on the threshold value, the 30 provinces are di-
vided into three groups: “weakly regulated,” “moderately
regulated,” and “strongly regulated” (Table 8). For the
“weakly regulated” and “medium regulated” groups, they
include the major economically developed provinces in
China, like Guangdong, Zhejiang, Shanghai, Jiangsu,

Beijing, and other eastern provinces, which not only have a
higher degree of marketization by their location advantages
and economic policy inclination but also have a higher
degree of their location advantages and economic policies.
*ese provinces not only have a higher degree of market-
ization but also can optimize resource allocation and guide
industrial restructuring with the help of market forces,
therefore improving industrial efficiency. Moreover, the
higher level of economic development makes these prov-
inces more capable of introducing advanced foreign tech-
nology, high-end equipment, and advanced management
experience. Consequently, the improvement of industrial
efficiency relies more on the adjustment of factor input
structure, upgrading, and technology than on environmental
regulation. On the other hand, the implementation of en-
vironmental regulations is bound to cause increased costs for
enterprises and at a given stage of economic development.
*ere is always a limit to the ability of enterprises to bear
rising costs, so the intensity of environmental regulations
should be increased within a certain limit. *erefore, we
cannot blindly increase regulation without causing the
extinguishing of many enterprises, especially small- and
medium-sized ones, because too much regulation leads to
too a few enterprises.

“Strong regulation” has a positive backward elasticity
coefficient; that is to say, the intensity of environmental
regulation has a significant positive driving effect on industrial
efficiency. In this group, typical industrial and resource-based
provinces, like Jilin, Anhui, and Yunnan, are dominant. Based
on the unique natural resource endowments of these prov-
inces, primary industries like extractive industries, raw ma-
terial processing industries, and traditional heavy industries
with high energy consumption and pollution occupy an
important position in economic development, forming a path
to dependence on the “environment-for-growth” develop-
mentmodel and an energy-driven developmentmodel. As the
implementation and intensity of environmental regulations
increase, severe environmental constraints are imposed on the
existing industrial pattern of this group of provinces to es-
tablish an effective push-back mechanism, which not only
helps this group of provinces prevent the dilemma of “re-
source curse” but also provides a strong driving force to break
away from the established industrial structure and industrial
pattern.

According to the threshold regression results, the
backward effect of environmental regulation intensity on

Table 6: Estimation results of instrumental variables (2SLS).

Explanatory variables
Explained variable: industrial efficiency

IV_2SLS (1) IV_2SLS (2) IV_2SLS (3) IV_2SLS (4)
Environmental regulation 14580.75∗∗∗ −34490.77 1605.082∗∗∗ 363.87
Foreign direct investment 0.0073 0.0003∗∗∗ 0.0006
Gross regional product 1.312∗∗∗ 1.163∗∗∗
Provincial intervention policies 0.086∗∗∗
Phase I F-statistic 3.16 3.10 3.04 2.96
Phase II F-statistic 76.77 173.50 288.66 298.53
Observations 390 390 390 390
Modified R-square 0.28 0.32 0.74 0.97
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industrial efficiency is neither monotonically increasing nor
decreasing, and the backward elasticity coefficient of envi-
ronmental regulation intensity varies significantly across
provinces. *at is to say, as the intensity of regulation
changes from weak to strong, it will have an impact on
industrial efficiency that is first inhibited and then pro-
moted. When the industrial value-added is higher than 1.38
units, each unit increase in environmental regulation in-
tensity will promote the regional industrial value-added to
1.362 units. When the environmental regulation intensity
crosses the second threshold value of 0.69, the backward
elasticity coefficient decreases from 1.362 to −0.112 and
passes the 5% significance test. As the threshold variable
crosses the threshold value of 0.69, the backward elasticity
coefficient decreases further, from −0.112 to −3.567, and this
result still passes the 5% significance test (Table 9).

5. Discussion and Conclusion

At present, China’s economic development has shifted
toward a “new normal,” the goal of which is to establish
sustainable economic growth through establishing a
symmetrical economic structure emphasizing the structure
of economic growth rather than the overall economy, such
as greening industrial efficiency adjustment. Using panel
data of 30 Chinese provinces from 2005 to 2017, this study
employed panel regression of fixed effects and the least-
squares instrumental variables method to test whether

environmental regulation can promote industrial efficiency
and the push-back mechanism and verified the threshold
characteristics and spatial heterogeneity of environmental
regulation through threshold regression. *is study indi-
cated environmental regulation would effectively improve
industrial production efficiency. As different industries
have different marginal cost functions when environmental
regulations impose severe environmental constraints on
emitting enterprises, enterprises with lower marginal costs
gain comparative advantages in “green” development,
while enterprises with higher marginal costs will gradually
shrink in size due to their poor ability to bear rising costs.
Severe formal environmental regulations enable the
elimination of pollution-intensive backward and overca-
pacity, therefore creating a driving force for industrial
efficiency improvement. Next, this study discovered 30
Chinese provinces could be classified into “strong,” “me-
dium,” and “weak” regulations according to whether the
intensity of environmental regulations crosses the corre-
sponding threshold. It was found that the majority of
Chinese provinces fall into the “weak regulation” group.
Further threshold regressions indicated that the impact of
environmental regulation on industrial efficiency shows a
significant threshold characteristic. *at is to say, as the
intensity of regulation gradually increases, it will have a
suppressive and then promotional impact on industrial
efficiency, as well as producing significant spatial
heterogeneity.

Table 8: Results of sample grouping based on threshold values.

Subgroups *reshold variable
values Provinces included in each group Sample size

Weak
regulation Feri(−1)≤ 0.69

Beijing, Hebei, Zhejiang, Liaoning, Fujian, Henan, Guangdong, Shanxi,
Heilongjiang, Hubei, Hunan, Guangxi, Chongqing, Sichuan, Qinghai, Xinjiang,

Shaanxi
17

Medium
regulation 0.69< Feri(−1)≤ 1.38 Shanghai, Inner Mongolia, Tianjin, Jiangsu, Hainan 5

Strongly
regulated Feri(−1)> 1.38 Anhui, Jiangxi, Ningxia, Gansu, Yunnan, Guizhou, Jilin, Shandong 8

Table 7: *reshold variable selection and self-sampling test.

*reshold variable
Single threshold Double threshold Triple threshold

F-statistic P value F-statistic P value F-statistic P value
Feri 14.25 0.0233∗ 6.95 0.2833 8.27 0.4267
Feri(-1) 52.34 0.0033∗∗ 41.15 0.0467∗∗ 34.13 0.6267
GDP 213.13 0.2400 7.34 0.2400 7.32 0.4367
GDP(-1) 211.13 0.0001∗∗∗ 5.24 0.4267 3.49 0.7933

Table 9: Panel threshold regression results.

Explanatory variables Parameter estimates OLS standard error t value
Foreign direct investment −0.309∗∗ −0.136 −2.27
Regional economic development level 0.309 0.304 1.02
Provincial intervention policies −0.201 −0.165 −1.22
Feri (−1)≤ 0.69 −3.567 1.388∗∗ −2.57
0.69< Feri (−1)≤ 1.38 −0.112 0.048∗∗ −2.32
1.38≤ Feri (−1) 1.362 1.221 −1.12
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With the findings of related studies, the following
policy insights are obtained. On the one hand, differen-
tiated environmental regulation policies should be de-
veloped. To fully exploit and utilize the potential of
environmental regulation to improve industrial efficiency,
it is necessary to consider the pollution characteristics of
different provinces and the spatial heterogeneity of en-
vironmental regulation to push-back industrial efficiency
and to develop differentiated regulatory policies and in-
tensity. It is not appropriate to raise environmental reg-
ulations in provinces where they do not facilitate industrial
restructuring. Environmental controls should also be re-
laxed, relying more on the innovation of industrial policies
and the resource allocation and competitive functions of
the market, deepening the reform of market mechanisms,
and taking full advantage of the market’s power to pro-
mote dynamic industrial restructuring. For provinces
where environmental regulation can effectively improve
industrial efficiency, environmental regulation should be
utilized as a driving force to establish a long-term
mechanism by using higher flexibility of pushback. Local
governments should appropriately increase the intensity of
existing regulations, set stricter environmental standards,
and improve the exit mechanism of enterprises to fun-
damentally curb resource-depleting production patterns
and traditional path dependence, therefore contributing to
a sustainable and clean industrial structure. Within a
certain period, the increase in the intensity of environ-
mental regulations must be limited to what enterprises can
afford because promoting industrial efficiency through
environmental constraints is a long-term process that
cannot be achieved overnight but should be designed
gradually and on a rolling basis based on what enterprises
can afford.

On the other hand, we should promote reliance on
technology and optimize resource allocation through the
market. With the gradual increase of environmental
awareness in the public mind, people now have a conscious
preference for “technology,” “clean,” and “environmental
protection” products. *erefore, as a producer of industrial
enterprises, it should also be time to seize the public’s fa-
vorite taste, production of environmentally friendly prod-
ucts, and then use technology to differentiate production.
*is is also a reverse behavior to guide consumers to green
consumption. When designing environmental regulation
policies, the government should not only restrict the pro-
duction and emission behavior of producers but also con-
sider consumer behavior and influence resource allocation
by guiding and encouraging “green” consumption, thereby
forming a new path for industrial transformation.
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Octadecylamine was used as a primary water repellent and mixed into the remodeled expansive soil, and modified expansive soils
with different water contents and octadecylamine contents were configured. -e water repellency level of the modified expansive
soil was determined by the drip penetration time method, the corresponding free, unloaded, and loaded swelling rate tests were
carried out, and the law of the influence of octadecylamine content and water content on the expansion and deformation of
expansive soil was obtained. It can be shown that the modified expansive soil with an octadecylamine content of 0.8% (mass
fraction) had an extreme water repellent grade, and the water repellency remained stable. -e more the water content and
octadecylamine content, the lower the free swelling rate, and the unloaded swelling rate and loaded swelling rate of modified
expansive soil tended to be stable. When the octadecylamine content was 0.5% and 0.8%, the free expansion rate was significantly
reduced, and the maximum drop was 42%. When the octadecylamine content was increased from 0% to 0.8%, the uncharged
expansion stability duration was shortened from 97 h to 47 h, and the expansion rate was reduced from 12.9% to 9.4%. When the
mass fraction of octadecylamine was 0.8%, the modified expansive soil with a water content of 20% would decrease its load
expansion rate from 2.14% at 50 kPa to 0.01% at 400 kPa. When the load was small, the octadecylamine content and initial water
content had a greater impact on the loaded expansion rate; when the load was large, the load became the main factor affecting the
loaded expansion rate. Under the same overburden pressure, the more the octadecylamine content was, the lower the soil shear
strength was and the more it tended to be stable.

1. Introduction

With the gradual implementation of the strategic goal of
“One Belt and One Road” in China, many expansive soil
areas will encounter geological and climatic challenges,
whichmay lead to engineering safety problems, such as slope
instability, pipe gushing, ground deformation, ground
subsidence [1–7]. Expansive soils are rich in hydrophilic clay
minerals such as montmorillonite [8], and their engineering
properties are more complex than those of general clay soils:
effects of water will lead to rapid deterioration of engineering
properties of expansive soil, causing long-term serious
damage to projects in expansive soil areas, resulting in huge

economic losses and human casualties [9]. -erefore, it is of
great significance to reasonably solve the engineering
problems of expansive soil [10].

-ere are many research studies on the modification of
expansive soil. As early as 1966, Ring [11] studied the
problem of soil shrinkage swelling potential and analyzed
the basic physical properties of different soils. In 1993,
Koyluoglu [12] mentioned that expansive soil had great
expansion and contraction property. In addition to its in-
ternal structure, the external water mainly entered into it,
which provided guidance for the research of expansive soil.
In recent years, Gao et al. [13] carried out a series of
modification on expansive soil, including physical
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modification [14–16], biological modification [17–19], and
chemical modification [20–22], and carried out corre-
sponding tests to evaluate these three modification methods.
In 2014, Malekzadeh and Bilsel [23] studied the application
and influence of crabapple ash in the stability of expansive
soil. In 2018, Moghal et al. [24], in the case of lime stabi-
lization, proposed synthetic fiber as an alternative to solve
the problem of shrinkage and expansion in expansive soil.
Jahangir khazaei et al. [25] improved soft expansive soil by
environmental waste and lime. In 2020, Blayi et al. [26]
proposed to use waste glass powder (WGP) to improve
expansive soil, and Wang et al. [27] conducted a systematic
study on the modification of expansive soil with cement.
Meng et al. [28] studied the influence of cementing fluid
concentration on mechanical properties, microstructure,
and hydrological characteristics of expansive soil. Some
scholars [29, 30] have adopted materials such as lime
[31, 32], cement [33], rubber particles [34], natural sand and
gravel [35], rock fiber [36], blast furnace water slag [37], and
even vegetation root system [38] to improve the expansion
and shrinkage properties of expansive soil. After studying
the swelling properties of the expansive soil after chemical
modification, it was found that the expansive soil itself still
had strong hydrophilicity, and the modification effect is not
obvious, but it is realized that waterproofing is of great
importance in the protection of expansive soil engineering
[39]. -e current commonly used waterproofing measures
only isolate part of the soil from water, without changing the
intrinsic nature of soil hydrophilicity, and the long-term
impermeability cannot be guaranteed. Once water enters the
soil and acts repeatedly for a long time, the seemingly stable
slope may still be unstable again [40].

If expansive soil particles can be treated by technical
means to make them change from hydrophilic to hydro-
phobic and, at the same time, if their expansive deformation
characteristics can be improved, then the swelling and
shrinkage deformation problems caused by the change of
moisture in expansive soil can be effectively avoided, and the
corresponding engineering problems can be solved [41].
-erefore, in this paper, octadecylamine was used as the
water repellent. By configuring expansive soil samples with
different initial water contents and different octadecylamine
contents, the water repellency level determination tests and
swelling rate tests were carried out, and the influence law of
different octadecylamine contents and initial water contents
on the water repellency and swelling deformation of
modified expansive soil was obtained, which provided new
ideas for effectively solving expansive soil engineering
problems.

2. Test Materials and Methods

2.1. Experiment Materials. -e soil for the test was taken
from an area of Kunming City, dried and ground, and then
passed through a 2mm sieve for reserve. Based on the
provisions in Highway Geotechnical Test Rules (JTG E40-
2007), the basic parameters were as follows: relative density
was 2.71 g/cm3, maximum dry density was 1.56 g/cm3, op-
timal water content was 27.2%, liquid limit was 63.5%,

plastic limit was 30.8%, plastic index was 32.7, and free
expansion rate was 52%. -e free expansion rate of this
expansive soil was less than 60%, and it belonged to weakly
expansive soil. -e BT-9300Z laser particle size analyzer
produced by Dandong Baxter Instrument Co., Ltd., was used
to determine the particle size distribution curve, as shown in
Figure 1, and the proportions of soil particle mass with
particle size <0.002mm, 0.002–0.02mm, and 0.02–2mm
were 6.72%, 56.32%, and 36.96%, respectively. According to
the International Triangle Classification of Soil Texture, the
test soil was silty loam.

2.2. Experiment Method

2.2.1. Test of Water Repulsion Grade. -e water repellent
grade of modified expansive soil was determined by the
dripping penetration time method, and the classification
standard is shown in Table 1. After mixing 0%, 0.2%, 0.3%,
0.5%, and 0.8% octadecylamine with expansive soil, it was
placed in an oven with 75°C. It was taken out per two hours
and put into the oven after mixing. -e modified expansive
soil was obtained by mixing four times. Octadecylamine is a
surfactant with extreme water repellency. Its chemical
properties are as follows: melting point—50–52°C and
freezing point—53.1°C. -erefore, when the temperature is
between 75°C and 80°C, octadecylamine can be liquified and
then encapsulated outside the soil particles, as shown in
Figure 2 (the white matter outside the soil is octadecylamine).
In order to reduce the influence of sample preparation
nonuniformity, the dripping penetration time was measured
at three places (regular triangle distribution and spacing of
4 cm) on the sample surface, and the amount of dripping
water at each place was 80 μL. We take the average as the final
result. -e temperature was controlled at 24°C during the
whole test (±1°C), and humidity was controlled at 64%± 2%.

2.2.2. Free Expansion Rate Experiment. Five kinds of
modified expansive soils with octadecylamine content of 0%,
0.2%, 0.3%, 0.5%, and 0.8% were selected in the experiment.
According to the standard for soil test methods (by GB/
T50123-2019), the free expansion rate tests of five kinds of
modified expansive soils with octadecylamine content of 0%,
0.2%, 0.3%, 0.5%, and 0.8% were carried out.

2.2.3. Unloaded Expansion Rate Test. According to the test
results of water repellent grade, 20 groups of samples with
octadecylamine content of 0%, 0.2%, 0.3%, 0.5%, and 0.8%
and initial water content of 5%, 10%, 15%, and 20% were
selected. After sealing for 24 hours, the jack (Figure 3(a)) was
used for sampling. According to the standard for soil test
methods (GB/T50123-2019), the unloaded expansion rate
test was carried out by usingWG-1B triple medium pressure
consolidometer (Figure 3(b)).

2.2.4. Loaded Expansion Rate Test. According to the stan-
dard for soil test methods (GB/T50123-2019), the loaded
expansion test was carried out. According to the test results of

2 Advances in Civil Engineering



water repellent grade, 20 groups of samples with content of
octadecylamine of 0%, 0.2%, 0.3%, 0.5%, and 0.8% and initial
water content of 5%, 10%, 15%, and 20% were selected. After
sealing for 24 hours, the jack was used to take samples. -e
soil samples were placed in the consolidometer, and the
vertical loads were applied to 50, 100, 200, and 400 kPa, re-
spectively. -e readings were recorded after the pre-
determined load was stable. After that, pure water was
injected to make the pure water 5mm higher than the sample.
-e meter was read every 2 hours, and the stable reading was
recorded. After the experiment, the water content after ex-
pansion was calculated by drying and weighing.

2.2.5. Direct Shear Tests. According to the test results of
water repellent grade of eighteen amine modified expansive
soils, 0%, 0.2%, 0.3%, 0.5%, and 0.8% of the eighteen amine
contents correspond to the modified expansive soil with
different water repellent grades. -e direct shear test was
carried out according to the initial dry density 1.56 g/cm3.
According to the standard for soil test methods (GB/T50123-
2019), the unconsolidated undrained direct shear tests of
unsaturated water repellent expansive soils with different
octadecylamine contents were carried out by using lever type
direct shear apparatus (Figure 4).

3. Test Results and Analysis

3.1. Water Repellent Grade of Modified Expansive Soil.
-e water repellent effect diagram is shown in Figure 5, the
contact angle diagram is shown in Figure 6, and the mea-
surement results of water repellent grade of expansive soil

modified with different octadecylamine contents are listed in
Table 2. It can be seen from Figure 5 that the water droplets
on the hydrophilic expansive soil had been completely
absorbed by the soil, and the water droplets on the surface of
the water repellent expansive soil with 0.8% octadecylamine
content still remain full, showing extreme water repellency.
-e contact angle of hydrophilic expansive soil with 0%
octadecylamine content was 12.114° and that of water re-
pellent expansive soil with 0.8% octadecylamine content was
65.441°, respectively. When octadecylamine content was
increased from 0% to 0.8%, the contact angle increases by
54.327° and the greater the contact angle was, the higher the
water repellency of soil was, which indicated that adding
octadecylamine to expansive soil could effectively increase
the water repellent effect of soil. It can be seen from Table 2
that the water repellent grade of modified expansive soil was
wettable without octadecylamine and slight with 0.2%
octadecylamine. Due to the low content of octadecylamine,
most of the soil particles were not covered by octadecyl-
amine, and the water repellent grade was still wettable; when
octadecylamine content was 0.3% and 0.5%, the water re-
pellency grade was moderate and severe, and the sample had
good water repellency; when octadecylamine content was
0.8%, the water repellent grade of the sample was extreme. It
can be shown that the more the octadecylamine content was,
the stronger the water repellency of expansive soil was.
Because the water repellent grade of modified expansive soil
was extreme when octadecylamine content was 0.8%, the
modification tests of expansive soil with higher content of
octadecylamine are not carried out.

3.2. Free Expansion Rate of Modified Expansive Soil. -e test
results of free expansion rate of expansive soil modified by
different octadecylamine contents are shown in Table 3, and
the corresponding free expansion rate change rule is shown
in Figure 7. It can be seen that the slope, intercept, and R2 of
modified expansive soil with different octadecylamine
contents was −27.74, 53.39, and 0.969, respectively. -e
more the octadecylamine content, the lower the free ex-
pansion rate, and there was a negative correlation between
them. When octadecylamine content was 0%, the free ex-
pansion rate was 52%. According to the corresponding
index, the sample soil was weak expansive soil. When
octadecylamine content was 0.2%, the free expansion rate
was 49%, which had little change compared with that when
octadecylamine content was 0%. When octadecylamine
content was 0.3%, the free expansion rate was 45%, showing
weak expansion potential. When octadecylamine content
was 0.5%, the free expansion rate was 41%, and it would lose
its weak expansion potential. When octadecylamine content
was 0.8%, the free expansion rate was 30%, which was lower
than 40% of the corresponding index standard. -e ex-
pansive property of the sample was too small, and it could
not be defined as weak expansive soil.

-e main reason for the decrease of free expansion rate of
expansive soil with the increase of octadecylamine content was
that octadecylamine was dissolved and bound to the surface of
soil particles when preparing different octadecylamine

1 0.1 0.01 0.001 1E-4
0

20

40

60

80

100

Pe
rc

en
ta

ge
 fi

ne
r b

y 
w

ei
gh

t (
%

)

Particle size (mm)

Figure 1: Gradation curve of expansive soil particle size.

Table 1: Classification standard of WDPT

Infiltration
time (s) <5 5∼60 60∼600 600∼3600 >3600

Water
repellent
grade

Wettable Slight Secondary Serious Extreme
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modified expansive soils. In the process of free expansion rate
test, the ability of water absorption and expansion of expansive
soil was reduced, and the free expansive soil decreases with the

increase of octadecylamine content. In this experiment, the
free expansion rate of 0.2% and 0.3% octadecylamine had little
change compared with that of no octadecylamine. When

(a) (b)

Figure 2: (a) Soil surface without octadecylamine, 2000x. (b) Soil surface with 0.8% octadecylamine, 2000x.

(a) (b)

Figure 3: Hydraulic jack (a). WG-1B triple medium pressure consolidometer (b).

Figure 4: Unsaturated direct shear apparatus.
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octadecylamine content was 0.5% and 0.8%, the free expansion
rate decreased significantly, and the maximum decrease was
42%. It was directly related to the different grades of

octadecylamine water repellent expansive soil. -e higher the
grade of water repellent expansive soil was, the greater the
decrease of free expansion rate was.

L: 12.159 R: 12.069
CA: 12.114

(a)

L: 65.745 R: 65.136
CA: 65.441

(b)

Figure 6: Contact angle of hydrophilic expansive soil (a). Contact angle with hydrophobic expansive soil (b).

Table 2: Water repellent grade of modified expansive soil.

Octadecylamine content (%) 0 0.2 0.3 0.5 0.8
Water repellent grade Wettable Slight Secondary Serious Extreme

Table 3: Free swelling rate of modified expansive soil with different octadecylamine contents.

Octadecylamine content (%) First free expansion rate (%) Second free expansion rate (%) Average value (%)
0.0 51 53 52
0.2 50 48 49
0.3 46 44 45
0.5 43 39 41
0.8 32 28 30

(a) (b)

Figure 5: Hydrophilic expansive soil (a). Water repellent expansive soil (b).

Advances in Civil Engineering 5



3.3. Unloaded Expansion Rate of Modified Expansive Soil

3.3.1. Effect of Octadecylamine and Water Content on
Unloaded Expansion. -e influence of different octadecyl-
amine contents and sample water contents on the unloaded
expansion rate of modified expansive soil is shown in Fig-
ure 8. It can be seen from Figure 8(a) that under the same
octadecylamine content, the more the water content, the
lower the unloaded expansion rate of expansive soil, the
larger the area filled with water in the internal pores of the
sample, the lower the water absorption capacity, and the less
the expansion deformation of the sample. It can be seen from
Figure 8(b) that the more octadecylamine content the
sample contains, the lower the no-load swelling ratio under
the same water content. -e more the octadecylamine
content was, the larger the area covered by octadecylamine
on the surface of expansive soil particles was, the more
difficult it was for external water to penetrate into the
sample, and the lower the unloaded expansion rate was.
When octadecylamine content was increased from 0% to
0.2%, the unloaded expansion of the sample with 15% water
content decreased from 12.1% to 9.9%, with a decrease of
about 20%. When the octadecylamine content was increased
to 0.5%, the rate of unloaded expansion decreased slowly,
and the unloaded expansion rate was about 5.6%. When
octadecylamine content was increased to 0.8%, the unloaded
expansion rate remained almost unchanged. It can be shown
that octadecylamine could reduce the expansibility of ex-
pansive soil to a certain extent, but it could not reduce the
expansibility indefinitely, and there was a critical range.
According to the experimental results in this paper, when
octadecylamine content was 0.8%, its water repellent per-
formance reached the extreme, and the unloaded expansion
rate could also be effectively reduced.

3.3.2. Influence of Octadecylamine and Water Content on
Expansion Time History. Taking the curves of the time-free
expansion rate of octadecylamine content of 0%, 0.2%, 0.5%,
and 0.8%, the influence of different octadecylamine contents

and water contents on the expansion time course of ex-
pansive soil was studied. -e results are shown in Figure 9. It
can be seen that①when the octadecylamine content was the
same, the smaller the initial water content of the sample was,
the larger the expansion was when the expansion was stable
because when the octadecylamine content was the same, the
smaller the initial water content was, the more the water
infiltrated into the pores of the sample, and the greater the
expansion was when the expansion deformation was stable.
②When octadecylamine was not added, with the passage of
time, the amount of expansion of the unloaded expansion
rate first increased faster and then stabilized after 4 days.
After adding octadecylamine, the expansion time history
curve presented an inverted “s” shape: at the initial stage of
expansion, the sample absorbed water slowly, and after a
certain period of time, the expansion rate increased obvi-
ously; after reaching a certain value, the expansion rate
slowed down obviously and finally tended to be stable. -e
presence of octadecylamine would reduce the water infil-
tration channel to a certain extent and delay the process of
water infiltration. -e more the octadecylamine content, the
more obvious the delay. However, water could still slowly
penetrate into the internal pores, but the infiltration time
was relatively longer, so the initial expansion rate was
smaller, and the curve showed a slow rising type. When the
water infiltrated for a certain period of time, the water
connectivity in the pores of the sample increased gradually.
At this time, the amount of water infiltration increased
significantly, and the expansion rate also increased signifi-
cantly. When the internal pore channels were completely
penetrated by water, the expansion rate would be signifi-
cantly reduced, and the presence of octadecylamine had little
effect on water infiltration.③When the water content of the
sample was the same, the more the octadecylamine content
was, the shorter the time for the unloaded expansion rate to
reach stability, and the lower the corresponding unloaded
expansion rate was. When the water content was 20% and
when octadecylamine content was 0%, the expansion sta-
bility time was about 4000min, and the unloaded expansion
rate was 11.18%. When octadecylamine content was 0.8%,
the expansion time was about 2000min, the unloaded ex-
pansion rate was 8.16%, and the decrease rate was about 30%.

3.4. Loaded Expansion Rate of Modified Expansive Soil

3.4.1. Influence of Initial Water Content on Loaded Expan-
sion Rate. -e variation curve of the loaded expansion rate
of the sample with different initial water contents is shown in
Figure 10. It can be seen that ①when the octadecylamine
content was the same, the more the initial water content was,
the lower the charged expansion rate was, which was similar
to the test result of unloaded expansion rate;②the more the
vertical load was, the lower the loaded expansion rate was.
When the vertical load was small, octadecylamine content
and initial water content had great influence on the loaded
expansion rate. With the increase of vertical load, the am-
plitude gradually decreased, and the load became the main
factor affecting the expansion rate.
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3.4.2. Influence of Octadecylamine Content on Charged
Expansion Rate. -e relation curve of load expansion rate
with different octadecylamine contents is shown in Fig-
ure 11. It can be seen that when the vertical load was the
same, the more the octadecylamine content was, the lower
the load expansion rate of the sample was. When octade-
cylamine content was 0.8%, the charged expansion rate was
the smallest. When the water content of the sample was 20%
and the vertical load was 50 kPa, octadecylamine content was
decreased from 0% to 0.8%, and the load expansion rate
decreased from 4.89% to 2.14%, a decrease of about 57%. It
can be shown that the presence of octadecylamine could also
effectively reduce the swelling property of expansive soil,
which was beneficial to engineering.

3.5. Direct Shear Tests. -e relationship between horizontal
stress and displacement of samples with different octade-
cylamine contents is shown in Figure 12. It can be seen that
①the more the vertical load was, the more the maximum
horizontal load of hydrophilic expansive soil and water
repellent expansive soil were. ②Under the same vertical
load, the more the octadecylamine content was, the stronger
the water repellency was and the smaller the maximum
horizontal load was. Under the vertical load of 300 kPa, the
maximum horizontal load of hydrophilic expansive soil was
1300N. When octadecylamine content was 0.8%, the
maximum horizontal load of water repellent expansive soil
was 900N, which was 400N less than that of hydrophilic
expansive soil. It can be shown that there was a negative
correlation between the maximum horizontal load and
octadecylamine content.

-e relationship between peak shear stress (shear
strength) and overlying pressure under different

octadecylamine contents is shown in Figure 13. It can be
seen that there was a positive correlation between the shear
strength and the vertical pressure. -e correlation could be
described by Mohr-Coulomb strength criterion, and the
fitting results are shown in Table 4. It can be seen that under
the same vertical load, the more the octadecylamine content
was, the lower the shear strength was. When octadecylamine
content was higher, the impact on shear strength changed
more obviously, and the decline was greater. It can be seen
from Table 4 that when the octadecylamine content was 0%,
0.2%, and 0.3%, f was 44.12°, 43.15°, and 39.70°, respectively,
and it can be shown that octadecylamine content had little
effect on the shear strength of expansive soil. When the
octadecylamine content was 0.5% and 0.8%, f was 34.459°
and 33.09°, respectively, and the shear strength varied
greatly. When octadecylamine content was increased from
0% to 0.2%, 0.3%, 0.5%, and 0.8%, the cohesive force of
expansive soil decreased gradually, from 132.6 kPa to
109.69 kPa, 105.6 kPa, 96.25 kPa, and 83.4 kPa. It can be seen
that the more the water repellent grade of soil samples was,
the more the effect of the shear strength was and the lower
the shear strength was.

In order to analyze the influence of octadecylamine
content and vertical pressure on the shear strength of ex-
pansive soil, the envelope diagram of octadecylamine
modified expansive soil and octadecylamine content was
drawn, as shown in Figure 13.

It can be seen from Figure 14 that① when the vertical
pressure was 100 kPa, the more the octadecylamine content
was, the lower the shear strength was. When the vertical
pressure was 200 kPa, with the increase of octadecylamine
content, the shear strength first decreased slowly, then de-
creased rapidly, and finally tended to be stable. When the
vertical pressure was 300 kPa, the change law was similar to
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Figure 9: Time history curves of unloaded expansion for different octadecylamine contents. (a) Octadecylamine content of 0%. (b)
Octadecylamine content of 0.2%. (c) Octadecylamine content of 0.5%. (d) Octadecylamine content of 0.8%.
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that when the vertical pressure was 200 kPa. When the
vertical pressure was 400 kPa, the shear strength decreased
with the increase of octadecylamine content. ② Under
different vertical pressures, the shear strength and octade-
cylamine content were linear. When octadecylamine content
was less than 0.3%, the shear strength decreased slowly.
When octadecylamine content exceeded 0.3%, the shear
strength decreased greatly. When octadecylamine content
was 0.5%–0.8%, it tended to be stable. In general, with the
increase of octadecylamine content, the shear strength first
decreased slightly, then decreased greatly, and finally tended
to be stable.

-e relationship between the octadecylamine content
and total internal friction angle is shown in Figure 15. It can
be seen that with the increase of octadecylamine content, the
internal friction angle decreased, and the decrease range was
slightly reduced.-e negative exponential equation (1) could
be used for fitting.

φ � ae
− bx

+ c, (1)

where f was the angle of internal friction, X was the octa-
decylamine content, a was the extent to which the direction
was stretched, b was the degree of stretching in the X
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Figure 10: Relation curve of loaded expansion rate under different water contents. (a) Octadecylamine content of 0%. (b) Octadecylamine
content of 0.2%. (c) Octadecylamine content of 0.5%. (d) Octadecylamine content of 0.8%.
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direction, and cwas the intercept; a, b, and c could reflect the
relationship between internal friction angle and octadecyl-
amine content to a certain extent. -e fitting results are
shown in Table 5.

-e relationship between octadecylamine content and
total cohesion is shown in Figure 16. It can be seen that with
the increase of octadecylamine content, the total cohesion
presented a linear downward trend, which could be fitted
by the first-order (2). On the whole, the shear strength
tended to weaken with the increase of octadecylamine

content, but the overall decline could still be accepted by
the engineering.

c � dx + f, (2)

where c was the cohesion, x was the octadecylamine content,
d was the slope, and f was the intercept, which could reflect
the relationship between cohesion and octadecylamine
content to a certain degree. -e fitting results are shown in
Table 5.
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Figure 11: Relation between expansion rate and load under different octadecylamine contents. (a) Water content of 5%. (b) Water content
of 10%. (c) Water content of 20%.

10 Advances in Civil Engineering



0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.50.0
Horizontal displacement (mm)

0

200

400

600

800

1000

1200

1400

1600
H

or
iz

on
ta

l l
oa

d 
(N

)

Vertical load (kPa)
100
200

300
400

(a)

100
200

300
400

0

200

400

600

800

1000

1200

1400

1600

H
or

iz
on

ta
l l

oa
d 

(N
)

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.50.0
Horizontal displacement (mm)

Vertical load (kPa)

(b)

100
200

300
400

0

200

400

600

800

1000

1200

1400

1600

H
or

iz
on

ta
l l

oa
d 

(N
)

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.50.0
Horizontal displacement (mm)

Vertical load (kPa)

(c)

100
200

300
400

0

200

400

600

800

1000

1200

1400

1600
H

or
iz

on
ta

l l
oa

d 
(N

)

Vertical load (kPa)

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.50.0
Horizontal displacement (mm)

(d)

Figure 12: Continued.

Advances in Civil Engineering 11



100
200

300
400

Vertical load (kPa)

0

200

400

600

800

1000

1200

1400

1600

H
or

iz
on

ta
l l

oa
d 

(N
)

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.50.0
Horizontal displacement (mm)

(e)

Figure 12: Relationship between horizontal load and horizontal displacement of expansive soil with different octadecylamine contents. (a)
Octadecylamine content of 0%. (b) Octadecylamine content of 0.2%. (c) Octadecylamine content of 0.3%. (d) Octadecylamine content of
0.5%. (e) Octadecylamine content of 0.8%.
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Table 4: Fitting results of internal friction angle and cohesion of modified expansive soil with different octadecylamine contents.

Octadecylamine content (%) Φ (°) C (kPa)
0 44.12 132.6
0.2 43.15 109.69
0.3 39.70 105.6
0.5 34.45 96.25
0.8 33.09 83.4
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Table 5: Fitting results.

Function Value Correlation coefficient
Internal friction angle a� 32 0.999

φ � 32e− 0.62x + 12.96 b� 0.62 0.996
c� 12.96 0.999

Cohesion d� −57067 0.932
c � −56.67x + 126.27 f� 126.27
x is octadecylamine content.
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4. Conclusions

(1) Water repellent with different octadecylamine con-
tents could reduce the free expansion rate of ex-
pansive soil.-emore the octadecylamine content is,
the lower the free expansion rate is.

(2) -e octadecylamine content and initial water con-
tent are important factors affecting the expansibility
of expansive soil. When octadecylamine content is
the same, the more the initial water content is, the
lower the unloaded expansion rate and the loaded
expansion rate are. -e more water content the
expansive soil contains, the more obviously the
unloaded expansion rate of undisturbed soil de-
creases. When the water content of the sample is the
same, the more octadecylamine content the expan-
sive soil contains, the lower the unloaded expansion
rate is and the more it tends to be stable. -e ex-
istence of octadecylamine could effectively reduce
the expansibility of expansive soil.

(3) Under the same octadecylamine content, the more
the vertical load is, the lower the loaded expansion
rate is. When the vertical load was small, octade-
cylamine content and initial water content had great
influence on the loaded expansion rate. When the
vertical load was large, the load was an important
factor affecting the expansibility of expansive soil.
When the vertical load was constant, the more the
octadecylamine content is, the lower the loaded
expansion rate is.

(4) -e existence of octadecylamine can effectively in-
hibit the swelling characteristics of expansive soil.
When the octadecylamine content is greater than or
equal to 0.8%, the water repellent grade is extreme,
which can inhibit the water swelling of expansive soil
to a great extent, and the water repellent effect is
good, which can provide a reference for solving the
related problems in the expansive soil area.-emore

the vertical pressure, the more the shear strength of
hydrophilic expansive soil and water repellent ex-
pansive soil.

(5) Under the same vertical pressure, the more the
octadecylamine content is, the lower the shear strength
is, and when octadecylamine content is increased, the
influence of the shear strength was greater. -e shear
strength is negatively correlated with the water re-
pellent grade. It has been shown that the influence of
the shear strength is greater with the increase of the
water repellent grade. Under different vertical pres-
sures, the shear strength has a linear relationship with
octadecylamine content, which conformed to the
Mohr–Coulomb shear strength criterion.
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Force distribution during progressive slope failure is an important element in slope stability analysis. In this study, five mechanical
failure modes are proposed for thrust- and pull-type slopes, respectively, and five field forms of thrust-type slopes are described.
+e properties of progressive failure are evaluated quantitatively: the failure mode of slope obeys the geo-material rule under the
peak stress state, and the instability range is gradually developed. +e critical stress state zone is in the process of dynamic change
with the development of deformation. It appears that the driving sliding force is greater than the frictional resistance along the
sliding surface. When rock or soil stabilizing stresses are at maximum, the vector sum of the driving sliding stress and stabilizing
stress is equal to zero at the critical state. +e frictional resistance is equal to the driving sliding force in the stable and less-stable
regions, and the normal pressure is wherever equal to the counterpressure. Rigid, flexible, and rigid-flexible design theories are
proposed for slope control. New terms are defined and used to evaluate the stability. +e conventional local and surplus stability
factors of slopes and their calculation are explained. +e force distribution rule is analyzed during progressive failure, and the
conventional stability factor definition is discussed. +e geological settings and monitoring data of landslides are used to analyse
changes in the critical stress state. An example is given to illustrate the failure process analysis. +e results show that progressive
failure can be well represented and the safety factor can be well described by the main thrust method (MTM), comprehensive
displacement method (CDM), and surplus displacement method (SDM), which can be used to feasibly evaluate slope stability.

1. Introduction

+e slope failure mechanism and stability analysis are
traditional topics in geotechnical engineering. Geo-
technical disasters such as landslide, collapse, rockburst,
and water inrush have occurred frequently in recent
years [1, 2]. More than ten sort of limit equilibrium
stability calculation methods for slope were given in
previous studies, such as the Fellenius method [3], the
simplified Bishop method [4], the Spencer method [5],
the Janbu method [6], the Sarma method [7], the wedge
method, and the finite element strength reduction
method (SRM) [8–11]. In traditional slope stability an-
alyses, the limit equilibrium slice method is the most
often used [12–18]. For the slope with a given slip surface

to be statically analyzed, different limit equilibrium slice
methods have different assumptions about the action
point of the force on the bottom edge of the slice and the
direction and action line of thrust between the slices.
With the development of numerical analysis, more and
more scholars have begun to try other calculation
methods, such as chart-based slope stability assessment
using the generalized Hoek–Brown criterion and ex-
tremum solutions to the limit equilibrium method
subjected to physical admissibility [19–31]. Other re-
searchers established a three-dimensional strict equi-
librium equation based on certain assumptions and
proposed four criteria: potential sliding surface mini-
mum parameter value criterion, slope active reinforce-
ment force upper limit criterion, lower limit criterion for
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sliding surface, and sliding and upper bound criterion
for potential sliding surface selection [32].

+e finite element method is the most widely used
numerical analysis method in geotechnical engineering. In
the field of slope analysis, the main software packages with
strong functionality and wide application are ABAQUS,
ANASYS, GeoStudio, rational infiltration analysis, etc. +e
corresponding analysis method is based on small defor-
mation assumption and is usually applied to continuum
mechanics media. Other numerical methods such as the fast
Lagrangian analysis of continua (FLAC) method, discrete
element method, discontinuous deformation analysis
(DDA) method, and popular element method have been
increasingly applied to landslide stability analysis.

+e above landslide stability analysis is based on the limit
equilibrium state. However, landslide damage is a process of
gradual development [33–40]. +at is, some zones are in the
postfailure stress state, some zones are in the critical stress
state, some zones are in the prepeak stress state [41, 42], and
some zones are in the small deformation state, and this
evolution process changes with changes in the environment.
However, the traditional method does not consider the
nonuniform distribution of the driving force along the
sliding surface; different numerical analysis methods have
certain difficulties in dealing with the discontinuous surface.
+erefore, this paper proposes a new analytical method to
solve the above problems.

In this paper, the sliding surface is divided into an
unstable zone, a critical zone, a less-stable zone, and a stable
zone. +e transfer law of the landslide force is analyzed, and
the characteristics of the critical block (or unit) force of the
slope are proposed. +e failure mechanisms, natures, and
destruction control standards of thrust-type, pull-type, and
mixed landslides are described. Based on the deformation
and stress analysis, combined with the possible failuremodes
of slope, the following methods are defined: comprehensive
sliding-resistance, main thrust, comprehensive displace-
ment, and surplus displacementmethods.+e above analysis
methods can be used to analyse slope progressive failure
stability and provide a new idea for the study of landslide
stability.

2. Failure Modes

Landslides occur due to long-term geological processes,
environmental factors, human engineering, etc. Few studies
have focused on the progressive deformation process from
the initiation crack to the failure of landslide. In this paper,
the whole failure process of the landslide can be described by
the different stress distribution characteristics of sliding
surface points. Only one point along the sliding surface is in
the critical state when the sliding force is equal to the sliding
resistance for a 2D landslide, and this stress distribution is
defined as the critical state. +e remaining points are in the
postfailure stress state, and their sliding force is greater than
the antisliding force; the landslide is in a state of “mechanical
failure” at this moment. In the following, the deformation
mechanism, failure modes, and destruction control stan-
dards are analyzed from a mechanical viewpoint.

2.1. ,rust-Type Landslide. +e deformation and force
transfer of landslides are established based on the fundamental
mechanical behaviours of geomaterials. +e load-displacement
characteristics of rock and soil can be presented as types I and
III curves (Figure 1); any point on the sliding surface expe-
riences elastic stress, elastoplastic stress, critical stress, post-
failure stress, and residual stress states from the initiation to the
mechanical failure of the slope. At a certain moment, points
a1, a2, a3, and a4 correspond to the postfailure stress state;
point a4 to the critical stress; points a5 ​ and a6 to the elasto-
plastic stress state; and point a7 to the elastic stress state in a 2D
landslide problem.+e postfailure stress state can be defined as
an unstable zone, the critical stress state as a critical zone, the
elastoplastic stress state as a less-stable zone, and the elastic
stress state as a stable zone (Figure 1).

+e failure occurs along the soft interlayer
(a1, . . . , a5, . . . , a8), which is defined as mode I. In the rear
part, the failure occurs along the weak intercalation
(a1, . . . , a5) and along the sliding body (a5, a9) in the front
part of the landslide, which is classified as mode II. +e
failure modes are controlled by themechanical behaviours of
soils/rocks.

2.2. Pull-Type Landslide. At a certain moment, points
(b1, b2) correspond to the postfailure stress state and point
(b3) corresponds to the critical stress state. Points (b4, b5, b6
or b7, b8, b9) are before the peak stress, and the whole sliding
surface can be classified into unstable, critical, less-stable,
and stable zones (Figure 2). +e failure occurs along the soft
interlayer (b1, . . . , b6), which is defined as mode I. In the
front part, the failure occurs along the weak intercalation
(b1, b2, b3) and failure occurs along the sliding body
(b7, b8, b9) in the rear part of the landslide, which is classified
as mode II. In the front part, failure occurs along the weak
intercalation (b1, b2, b3) and along the section of the sliding
body (b3, b12) as traction strength control, which is defined
as mode III. +e failure modes are also controlled by the
mechanical behaviours of soils/rocks.

2.3. Mixed Failure Mode. +e thrust- and pull-types are the
main failuremodes during the progressive deformation process
of landslides. However, a mixed failure mode of thrust- and
pull-types can take place. For instance, tensile-shear failure
occurs at depth (see Figure 3, point c4), while the tensile stress
increases to its strength. Traction failure (σn) occurs along
section (c4c8). +e first scarp is formed. If the tensile strength
does not reach its strength, this scarp does not develop, and a
pull-type landslide is certainly produced in zone
(c4c8c9c1c2c3c4). When the tensile stress reaches the tensile
strength value, the second scarp (c9c3) forms; the segment
(c5c4c3) is in a postfailure stress state, and a corresponding
unbalanced (or driving sliding) force is shown. +e sliding
body (c3c4c5c6c7c8c9c3) exhibits thrust-type characteristics,
and the driving sliding force impels the sliding body ahead.
Two unstable, critical, less-stable, and stable zones appear
during this period of landslide deformation. When the critical
state disappears in the c9c1c2c3c9 zone, the thrust-type feature
is shown for the whole landslide (Figure 3).
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At a certain moment, points (b1, b2) correspond to the
postfailure stress state and point (b3) corresponds to the
critical stress state; points (b4, b5, b6 or b7, b8, b9) are before
the peak stress, and the whole sliding face can be classified
into unstable, critical, less-stable, and stable zones (Figure 2).
+e failure occurs along the soft interlayer (b1, . . . , b6),
which is defined as mode I. In the front part, failure occurs
along the weak intercalation (b1, b2, b3), and failure occurs
along the sliding body (b7, b8, b9) in the rear.

+e second mixed failure mode is often involved in a
landslide with progressive deformation. At first, the landslide
initiates in the rear and front parts of the landslide body along
the sliding face, and the postfailure stress state corresponds to
the rear and front parts. A thrust- (d1d2 zone) and pull- (d6d5
zone) type landslide are present in the rear and front parts on
the sliding surface, respectively. An antisliding feature takes
place in the middle part (d2d3d4d5 zone). Two unstable,
critical, less-stable, and stable zones appear during the pro-
gressive deformation process (Figure 4). With time and the
development of deformation, the antisliding area decreases and
the failure area increases. Finally, only one point corresponds to
the critical state, and the whole landslide is at the point of
“mechanical failure.”+e landslide initiates at the front, rear, or
middle part of the landslide along the sliding face, which can be
defined the “mixed failure mode.”

3. Failure Process Analysis

+e failure mode of the slope on the sliding surface point obeys
the mechanical rule of rock and soil mass during the

development of progressive deformation, and the mechanical
failure properties of the two different types of slopes are
analyzed.

3.1. Characteristics of the ,rust-Type Slope. A continuous
shear failure occurs from the rear (see Figure 5, point A) to the
front (see Figure 5, point C) (or from point G to Q of the soft
interlayer) regions of a thrust-type slope during the develop-
ment of progressive deformation.+e stress at the failure point
is in the peak state; the elastoplastic stress state is located in
front of the failure point; and the postfailure stress state is
behind the failure point (Figure 5).+is failure mode is defined
as mode I, and a shear failure occurs along the entire sliding
surface. Tensile or tensile-shear failure occurs in the rear zone
(see Figure 5, DB), and shear failure occurs in the front zone
(see Figure 5, BC). +en, possible shear failure occurs in the
ABD triangular area, which can be defined as mode II. Inmode
III, shear failure occurs in the rear zone (see Figure 5,ABE) and
tensile (or tensile-shear) failure occurs in the front zone (see
Figure 5, EF). Mode IV is a combination of modes II and III, in
which failure occurs in the rear zone by tensile (or tensile-
shear) failure, in the middle zone by shear failure, and in the
front zone by tensile (or tensile-shear) failure (see Figure 5,
DBEF). Mode V corresponds to a rock mass with distributed
joints (or fissures), and shear, tensile, and tensile-shear failures
occur along the soft interlayer and joints (or fissures) (see
Figure 5, GHIJ. . .KLMP) alternately. +e stability classification
(stable zone, less-stable zone, critical zone, and unstable zone;
Figure 1) along the entire sliding surface applies for the five
failure modes of a thrust-type slope.

3.2. Characteristics of a Pull-Type Slope. Shear failure occurs
from the front (see Figure 6, point B) to the rear (see Fig-
ure 6, point A) regions of a pull-type slope during the de-
velopment of progressive deformation. +e stress at the
failure point is in the peak state; the elastoplastic stress state
is behind the failure point; and the postfailure stress state is
in front of the failure point. +is failure mode is defined as
mode I. Tensile or tensile-shear failure occurs in the rear
zone (see Figure 6, DC), and shear failure occurs in the front
zone (see Figure 6,CB).+en, possible shear failure occurs in
the ACD triangular area, which can be defined as mode II. In
mode III, shear failure occurs in the front zone and tensile
failure occurs in the rear zone of the sliding body (see
Figure 6, EF). Mode IV corresponds to a rock mass with
distributed joints (or fissures): shear, tensile, and shear
failures occur along the soft interlayer and joints (or fissures)
alternately (see Figure 6, GHIJ. . .KLMP). Mode V corre-
sponds to a combination of mode IV and a shear failure (or
tensile-shear or tensile failure (see Figure 6, ET, or ES, or
EF)) of the sliding body. +e previous peak stress state is
behind the zone, and the postfailure state is in front of the
zone corresponding to a critical state for the five mechanical
failure modes of the pull-type slope.

3.3. Characteristics of Deformation. Generally, a slope
consists of a sliding body, sliding surface, and landslip bed.
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Figure 1: Failure modes of thrust-type landslides.
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+e values of the shear and tensile strengths of the sliding
surface, sliding body, and landslip bed follow a small,
moderate, and large pattern. At first, the failure of the sliding
surface occurs and the deformation of the sliding body
produces a sliding surface. +e stress state of the sliding
surface changes with the development of deformation. +e
characteristics of the complete stress-strain process are
presented by each point on the sliding surface. +e elastic,

elastoplastic, peak, postfailure, and residual stress states are
shown by each point on the sliding surface during the
progressive failure process. +e five different stress states
may be represented by the points on the sliding surface at the
same time. +e driving sliding force on the sliding surface is
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O γ
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Figure 2: Failure modes of pull-type landslides.
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Figure 3: Failure mode of initiation in the middle part of the
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Figure 4: Failure of initiation on the front and rear part of the
sliding face.
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greater than the frictional resistance in the postfailure zone.
Certainly, an unbalanced thrust exists for a slope along the
sliding surface. In the front zone of the sliding surface, the
driving sliding force is equal to the frictional resistance on
the sliding surface and a surplus frictional resistance cor-
responding to the strength existing for the thrust-type slope.
+rust-type slopes in the field exhibit five forms. In form I,
the elastic stress state covers the entire sliding surface. In
form II, the whole sliding surface is in the stress state before
the peak stress. In form III, a zone of the sliding surface is in
the previous peak stress state, another zone is in the critical
stress state, and the remainder of the sliding surface is in the

postfailure and residual stress states. In form IV, the entire
sliding surface is in the postfailure and residual stress states.
In form V, only the residual stress state is present for the
entire sliding surface (Figure 7). Form I cannot significantly
perform slope control without additional reinforcement.+e
critical state is often the peak stress state for form II, and
whether the slope controls are performed depends on the
human influence. +e critical state does not necessarily
correspond to the peak stress for forms III, IV, and V, but the
critical state exists for thrust-type slopes. Large deformation
is produced for these three slopes. +e geometric shape after
deformation may possibly be favourable to thrust-type slope
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stability, but performing slope control is necessary if the
effects on humans are important.

4. Force Distribution on the Sliding Surface

In this section, the different failure modes are introduced
during the progressive deformation process and the force
distribution properties on the sliding surface are explained
taking the thrust-type slope as an example.

An element (Figure 8) considered to represent the stress
state of the sliding surface, where σu

n, σu
τ , and σu

θ are the
stresses from the sliding force of the sliding body and
σn

b, στb, and σθb are the frictional stresses from the landslip
bed. +e driving shear stresses are greater than the frictional
shear stresses in the postfailure zone along the sliding
surface. +e frictional shear stress reaches a maximum, and
the driving shear stresses are equal to the frictional shear
stresses at the critical state. +e frictional shear stresses are
equal to the driving shear stress in the front zone, corre-
sponding to the critical state. But, the frictional shear stresses
do not reach their maximum; the normal stress is equal to
the counterstress in the whole sliding surface. +e shear
displacement is discontinuous in the postfailure zone; both
shear stress and shear strain in the postfailure zone on the
sliding surface are clearly discontinuous and present a
challenge for numerical analysis. Certainly, the driving
sliding force (Pi) and pressure (Ni) result from the sliding
bed; the frictional force (Fi) and counterpressure (Nf

i )
proceed from the landslip bed (Figure 9) for a two-di-
mensional thrust-type slope. +e driving sliding force is
greater than the frictional resistance in the postfailure zone
on the sliding surface, and the driving sliding force is equal
to the frictional resistance in the other zones. However, the
maximum frictional resistance is reached at the critical state,
when the pressure is equal to the counterpressure on the
whole sliding surface.

5. Critical State

+e slope stability is related to the critical state. +e critical
state is an obstacle to unstable zone development. +ree
stress balance equations exist at the critical state for nu-
merical analysis on the sliding surface:

σu
θ

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌 � σb

θ

􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌,

σu
τ

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌 � σb

τ

􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌,

σu
n

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌 � σb

n

􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌.

(1)

+e force balance equations in the X-, Y-, and Z-axial
directions at the critical state must be satisfied for the slice
block method under the shear failure condition:

􏽘 Fx � 0,

􏽘 Fy � 0,

􏽘 Fz � 0.

(2)

+emoment balance equations in the XY-, YZ-, and ZX-
planes of the critical state must exist for the slice block
method under failure conditions:

􏽘 Mxy � 0,

􏽘 Myz � 0,

􏽘 Mzx � 0.

(3)

By considering the field state, the combination of
equations (2) and (3) may be chosen for the slice block
method. For instance, the moment balance equation is
satisfied in the XY-plane and the force balance equations
exist in the X-, Y-, and Z-axial directions at the critical state
for the slice block method:

XY − plane : 􏽘 Mxy � 0,

X − axial direction : 􏽘 Fx � 0,

Y − axial direction : 􏽘 Fy � 0,

Z − axial direction : 􏽘 Fz � 0.

(4)

When tensile and shear failures occur for the same slice
block, the tensile and shear stresses must be equal to their
strength values. However, the shear failure has been studied
only for widely used methods, such as the simplified Bishop
method, Janbu method, Sarma method, Morgenstern
method, and SRM. +e tensile failure is negative.

+e failure development of a slope can be prevented by
an antislide tie, which can be explained by the critical state
based on equations (1)∼(3), and the slope control position
and safety factor can be redefined as follows.

+e first method: the position of slope control is chosen
at the critical state for thrust- and pull-type slopes and at the
yield limit stress state for the foundation pit; a rigid design is
used with a safety factor, and a small deformation is per-
mitted for this rigid design.+e second method: the position
of slope control is chosen at the yield limit stress state for
thrust- and pull-type slopes and at the peak stress state for
the foundation pit; a flexible design is applied with a safety
factor, and a large deformation is allowable for this flexible
design. +e third method: the position of slope control is
chosen between the first and the second positions, and this
design can be called a “rigid-flexible” design. +e force and
moment balance in equations (1)∼(4) must be satisfied at the
design position with a safety factor, the antisliding force is
the vector sum of the unbalanced thrust from the postfailure
zone, and the displacement of the slope control can be
calculated.

6. Shear Stress-Strain Model

+e complete process shear-strain model (CPSM) must
necessarily be employed to describe the progressive failure
process of a slope. A stress-strain equation with four pa-
rameters is a part of the CPSM. +e equation can be de-
scribed by taking a shear stress and strain as an example in
the following form:
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τ � Gc
1 + cq

p
􏼠 􏼡

ξ

, (5)

where τ and c are the shear stress and shear strain, re-
spectively;G is the shear modulus dependent on the normal
stress; and p, q, and ξ are the constant coefficients dependent
on the normal stress. +e units of τ and G are kPa.

+e following conditions are needed for the rock or soil
with softening mechanical behaviours:

1 + qξ ≠ 0,

− 1< ξ ≤ 0.
(6)

+e critical shear strain (defined as the shear strain
corresponding to the peak shear stress) is satisfied in the
following form:

p +(1 + qξ)c
q

peak � 0, (7)

where cpeak is the critical shear strain corresponding to the
critical shear stress.

+eMohr–Coulomb criterion is assumed to describe the
critical shear stress (τpeak) (note: other criteria can also
describe the critical shear stress):

τpeak � C + σn tan φ, (8)

where C is the cohesion, σn is the normal stress, and φ is the
frictional angle. +e units of σn and C are kPa.
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+e critical shear strain is assumed to be related only to
normal stress, and the critical shear strain (cpeak) can be
described as follows:

cpeak

a3
􏼠 􏼡

2

+
σn − a2( 􏼁

a1
􏼠 􏼡

ζN

� 1, (9)

where a1, a2, a3, and ζN are the constant coefficients which
are dependent on the normal stress; the units of a1 and a2 are
kPa, and a3 and ζN are the constant coefficients without
units.

Finally,

G � G0 + b1σn + b2σ
2
n, (10)

where G0 is the initial shear modulus when the normal stress
(σn) is equal to zero, b1 is a constant coefficient without units,
and b2 � − b1/(2a2).

+e softening coefficient (ξ) can be presented in the
following form:

ξ �
ξ0

1 + ξ0/ξc − 1( 􏼁 σn/σ
c
n( 􏼁

ς
( 􏼁

, (11)

where ξ0 is the value of ξ when σn is equal to zero, ξc is the
value of ξ when σn is equal to σn

c, and ς is a constant co-
efficient without units. +e softening coefficient can be
obtained by the shear stress and shear strain complete
process tests with different normal stresses.

Regarding the physical significance, it is not neces-
sary to explain the parameters related to the
Mohr–Coulomb criterion: a2 is the critical normal stress
(a2 � σcritn ), a3 is the critical shear strain (a3 � ccrit

peak) when
the normal stress is equal to the critical normal stress
(a2 � σcritn ), a1 is relative to the critical shear strain

(c0
peak � a3

����������

1 − (a2/a1)
2

􏽱

) when the normal stress is equal
to zero, a1 > a2ξ represents the softening degree of rock or
soil under different normal stresses, and p and q are the
representative parameters between the critical shear
stress and shear strain.

7. Stability Analysis

In stability analysis, the mechanical behaviours of weak
intercalated strata are key factors for the sliding body and
different safety factors are proposed to describe the slope
stability.

7.1. Stability Analysis of an Ideal Elastoplastic Model

7.1.1. Comprehensive Sliding-Resistance Method (CSRM).
+e stress fields of the landslide body along the slip surface
(see Figure 10, dashed line ABDEC represents the sliding
surface) can be obtained by the current calculation method,
and the vector sums of sliding force can be obtained in the
directions of X-, Y-, and Z-axes (see Figure 10):

Pxs � B
Ωf

x +ΩR
x

σu
θ + σu

τ( 􏼁dydz,

Pys � B
Ωf

y +ΩR
y

σu
θ + σu

τ( 􏼁dxdz,

Pzs � B
Ωf

z +ΩR
z

σu
θ + σu

τ( 􏼁dxdy,

(12)

where Pxs, Pys, andPzs are the vector sums of the sliding
forces in the directions of theX-, Y-, and Z-axes,Ω is the area
of the whole integration,Ωf is the destroyed region, and ΩR

is the nondestroyed region.
+e vector sum (Ps) of Pxs, Pys, andPzs is

Ps �

�������������������

Pxs( 􏼁
2

+ Pys􏼐 􏼑
2

+ Pzs( 􏼁
2

􏽲

. (13)

+e direction cosines of Ps with Cartesian coordinate axes
are αs, βs, and cs. +e failure mode can be analyzed, the dis-
tribution of skid-resistance stresses (σp,b

n , σp,b

θ , and σp,b
τ ) under

the possible failuremode can be obtained, and the vector sums of
the antislip force under the possible failure modes can be cal-
culated in the directions of X-, Y-, and Z-axes:
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(14)

where TxT, TyT, andTzT are the vector sums of the stabi-
lizing forces in the directions of the X-, Y-, and Z-axes under
the possible failure modes.

+e vector sum (TT) of TxT, TyT, andTzT is

T
T

�

��������������������

T
xT

􏼐 􏼑
2

+ T
yT

􏼐 􏼑
2

+ T
zT

􏼐 􏼑
2

􏽲

. (15)
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Figure 10: Distribution of failure zones and projections along the
X-, Y-, and Z-axes.
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+e direction cosines of TT with Cartesian coordinate
axes are αT, βT, and cT.

+e vector angle (φc) between Ps and TT can be de-
scribed in the following form (see Figure 11):

φc � arccos αsαT + βsβT + cscT( 􏼁. (16)

+e stable coefficient in the X-axis direction is

F
x
CSRM �

T
xT

Pxs

. (17)

+e stable coefficient in the Y-axis direction is

F
y

CSRM �
T

yT

Pys

. (18)

+e stable coefficient in the Z-axis direction is

F
z
CSRM �

T
zT

Pzs

. (19)

+e stable coefficient in the sliding force direction is
defined as

F
s
CRSM �

T
T cos ϕc

Ps

. (20)

7.1.2. Main,rust Method (MTM). +emain thrust method
is used only to evaluate the stability of a thrust-type land-
slide.+e critical state curves (see Figure 10, dashed line DE)
can be obtained, and the residual thrust force from the
posterior region to the critical state curve (DE) can be
calculated (see Figure 10):

Pxp � B
Ωf

x

σu
θ + σu

τ − σb
θ − σb

τ􏼐 􏼑dydz,

Pyp � B
Ωf

x

σu
θ + σu

τ − σb
θ − σb

τ􏼐 􏼑dxdz,

Pzp � B
Ωf

x

σu
θ + σu

τ − σb
θ − σb

τ􏼐 􏼑dxdy.

(21)

+e vector sum (Pp) of Pxp, Pyp, andPzp is

P
p

�

��������������������

Pxp􏼐 􏼑
2

+ Pyp􏼐 􏼑
2

+ Pzp􏼐 􏼑
2

􏽲

. (22)

+e direction cosines of Pp with Cartesian coordinate
axes are αp, βp, and cp.

+e differential value (or residual frictional force) be-
tween the frictional force (σp,b

n , σp,b

θ , and σp,b
τ ) under the

possible failure mode and the antislip force (σb
n, σb

θ, and σ
b
τ)

under the current situation can be obtained as follows:

T
xp

� B
ΩR

x

σp,b
n + σp,b

θ + σp,b
τ − σb

n − σb
θ − σb

τ􏼐 􏼑dydz,

T
yp

� B
ΩR

y

σp,b
n + σp,b

θ + σp,b
τ − σb

n − σb
θ − σb

τ􏼐 􏼑dxdz,

T
zp

� B
ΩR

z

σp,b
n + σp,b

θ + σp,b
τ − σb

n − σb
θ − σb

τ􏼐 􏼑dydx.

(23)

+e vector sum (Tp) of Fp
x, Fp

y, andFp
z is

T
p

�

��������������������

Txp􏼐 􏼑
2

+ Typ􏼐 􏼑
2

+ Tzp􏼐 􏼑
2

􏽲

. (24)

+e direction cosines of Tp with Cartesian coordinate
axes are αr, βr, and cr.

+e vector angle (φm) between Pp and Fsf � TSF − Flf

can be described in the following form:

αm � arccos αpαr + βpβr + cpcr􏼐 􏼑. (25)

+e stable coefficient in the X-axis direction is

F
x
MTM �

T
xp

Pxp

. (26)

+e stable coefficient in the Y-axis direction is

F
y

MTM �
T

yp

Pyp

. (27)

+e stable coefficient in the Z-axis direction is

F
z
MTM �

T
zp

Pzp

. (28)

+e stable coefficient in the main slip force direction is

F
s
MTM �

T
p cos ϕm

P
p . (29)

7.1.3. Comprehensive Displacement Method (CDM). +e
deformation from the present strain states (εu

θ and ε
u
τ ) is

calculated and is projected onto X-, Y-, and Z-axes:

Sxd � B
Ωf

x +ΩR
x

εu
θ + εu

τ( 􏼁dydz,

Syd � B
Ωf

y +ΩR
y

εu
θ + εu

τ( 􏼁dxdz,

Szd � B
Ωf

z +ΩR
z

εu
θ + εu

τ( 􏼁dxdy.

(30)

Y
T
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Z

P

φc
γp
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γT

βTβP αT

Figure 11: Vector and relation diagram of glide force and antislip
force in potentially destructive mode.
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+e vector sum (αi) of ci is

Sd �

��������������������

Sx d( 􏼁
2

+ Sy d􏼐 􏼑
2

+ Sz d( 􏼁
2

􏽲

. (31)

+edirection cosines of Fwith Cartesian coordinate axes
are σi

n.+e possible failure mode is analyzed, the distribution
of the strain (εp,b

n , εp,b

θ , and εp,b
τ ) under the possible failure

mode can be calculated, and the vector sums of displacement
under the possible failure mode can be obtained in the
directions of X-, Y-, and Z-axes:

S
xd

� B
Ωf

‘x
+ΩR

x

εp,b
n + εp,b

θ + εp,b
τ􏼐 􏼑dydz.

S
yd

� B
Ωf

‘y
+ΩR

y

εp,b
n + εp,b

θ + εp,b
τ􏼐 􏼑dxdz,

S
zd

� B
Ωf

‘z
+ΩR

z

εp,b
n + εp,b

θ + εp,b
τ􏼐 􏼑dydx.

(32)

+e vector sum (Sd) of Sx d, Sy d, and Sz d is

S
d

�

���������������������

S
x d

􏼐 􏼑
2

+ S
y d

􏼐 􏼑
2

+ S
z d

􏼐 􏼑
2

􏽲

. (33)

+e direction cosines of Sd with Cartesian coordinate
axes are αd, βd, and cd. +e vector angle (φd) between the
vectors Sd and Sd can be calculated as follows:

φd � arccos αdαd + βdβd + c
d
cd􏼐 􏼑. (34)

+e stable coefficient in the X-axis direction is

F
x
C DM �

S
xd

Sxd

. (35)

+e stable coefficient in the Y-axis direction is

F
y

C DM �
S

yd

Syd

. (36)

+e stable coefficient in the Z-axis direction is

F
z
CDM �

S
zd

Szd

. (37)

+e stable coefficient in the slip displacement direction is

F
s
C DM � S

d cos ϕd/S
d
. (38)

7.1.4. Surplus Displacement Method (SDM). +e strains
(εu

θ and ε
u
τ ) from the posterior region to the critical stress

state (see Figure 10, DE (dashed line)) in the present status
are calculated and are projected onto X-, Y-, and Z-axes:

Sxs � B
Ωf

x

εu
θ + εu

τ( 􏼁dydz,

Sys � B
Ωf

y

εu
θ + εu

τ( 􏼁dxdz,

Szs � B
Ωf

z

εu
θ + εu

τ( 􏼁dxdy,

(39)

where Sxs, Sys, and Szs are the vector sums of the displace-
ments in the directions of the X-, Y-, and Z-axes, respec-
tively, and the vector sum (Ss) of Sxs, Sys, and Szs is

Ss �

������������������

Sxs( 􏼁
2

+ Sys􏼐 􏼑
2

+ Szs( 􏼁
2

􏽲

. (40)

+e direction cosines of Ss with Cartesian coordinate
axes are αs, βs, and cs. +e possible failure mode is analyzed,
and the distribution of the strain (εp.b

n , εp.b

θ , and εp.b
τ ) under

the possible failure mode can be calculated. +e differences
between εp.b

n , εp.b

θ , and εp.b
τ and εb

n, εb
θ, and ε

b
τ can be obtained

and projected in the directions of the X-, Y-, and Z-axes:

S
xs

� B
Ωk

x

εp,b
n + εp,b

θ + εp,b
τ − εb

n − εb
θ − εb

τ􏼐 􏼑dydz,

S
ys

� B
Ωk

y

εp,b
n + εp,b

θ + εp,b
τ − εb

n − εb
θ − εb

τ􏼐 􏼑dxdz,

S
zs

� B
Ωk

z

εp,b
n + εp,b

θ + εp,b
τ − εb

n − εb
θ − εb

τ􏼐 􏼑dydx,

(41)

where Sxs, Sys, and Szs are the vector sums of the displace-
ment differences in the directions of the X-, Y-, and Z-axes
between the possible failure mode and present status, re-
spectively. +e vector sum (Ss) of Sxs, Sys, and Szs is

S
s

�

������������������

S
xs

( 􏼁
2

+ S
ys

( 􏼁
2

+ S
zs

( 􏼁
2

􏽱

. (42)

+e direction cosines of Ss with Cartesian coordinate
axes are αs, βs, and cs. +e vector angle (φs) between the
vectors Ss and Ss can be calculated:

φs � arccos αsαs + βsβs + c
s
cs( 􏼁. (43)

+e stable coefficient in the X-axis direction is

F
x
S DM �

S
xs

Ss

. (44)

+e stable coefficient in the Y-axis direction is

F
y

S DM �
S

ys

Ss

. (45)

+e stable coefficient in the Z-axis direction is

F
z
S DM �

S
zs

Ss

. (46)

+e stable coefficient in the main slip displacement
direction is

F
s
S DM �

S
s cos ϕs

Ss

. (47)

7.2. Stability Analysis of a New Shear Stress Constitutive
Model. According to the stability analysis method of the
ideal elastoplastic constitutive model in Section 7.1, the
stability coefficient of the new shear stress constitutive
models, such as the CSRM, the MTM, and the surplus
displacement method (SDM), can be obtained.
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7.3. Stability Coefficient Study

7.3.1. Some Term Definitions. Some terms are first defined.
+e failure ratio (fr) is the value of the driving stress of rock
or soil divided by its strength; when the value is greater than
1, the fr is equal to 1.+e failure percentage (fp) is the value
of the sum of the failure ratio multiplied by its area and
divided by the total area. +e failure area percentage (fs) is
the value of the area sum corresponding to the failure ratio
(fr � 1) divided by the total area.

+e frictional resistance variation coefficient (Ff) is the
vector sum of the frictional resistance of the entire sliding
body failure divided by the frictional resistance vector sum
during the progressive deformation and includes the X-, Y-,
and Z-axial (Fx

f, F
y

f, andFz
y) and vector sum (Ff) directions.

+e variation coefficient of the driving sliding force (Fp) is
the vector sum of the driving sliding force of the entire
sliding surface failure divided by the driving sliding force
vector sum during the progressive deformation and includes
the X-, Y-, and Z-axial (Fx

p, F
y
p, andFz

p) and vector sum (Fp)
directions.

7.3.2. Comparison of Safety Factors. A partial strength re-
duction method is proposed, and its result is used to
compare with the progressive failure analysis. +e steps of
the partial strength reduction method are as follows.

First, the traditional safety factor (TSF) of the entire
sliding body is calculated by the traditional slice block
method.+en, the local safety factor (Flf) from the rear zone
to the critical state (Figure 12, where the m-th slice block is
assumed to be in a critical stress state under Flf � 1) is
obtained by the same method. +e surplus safety factor
(Fsf � TSF − Flf) is equal to the safety factor of the entire
sliding body minus the local safety factor. +is factor is used
to compare with that of the MTM during the progressive
failure process.

7.3.3. Unbalanced ,rust Method. +e unbalanced thrust
method (UTM) is taken as an example to calculate the safety
factor, and its formula is derived (Figure 13).

+e fundamental assumptions are as follows:

(1) +e slice block is assumed to have strong defor-
mation capacity and is classified by a vertical interval

(2) +e former slice block force from the posterior slice
block is parallel to the bottom side of the posterior
slice block

(3) +e rotation of the slice block is not considered
(4) +e frictional stress is satisfied with the new shear

stress-strain model

+e relationship between the shear strain of two slice
blocks can be described in the failure zone as follows:

ci �
ci+1

cos αi − αi+1( 􏼁
. (48)

In the i-th slice block, we have the following.
Normal pressure Ni is

Ni � Wi cos αi + Pi− 1 sin αi− 1 − αi( 􏼁

+
1
2
cwh

2
i,u sin αi −

1
2

ch
2
i,b sin αi −

1
2

cihi,u + cihi,b􏼐 􏼑li.

(49)

Normal stress σi
n is

σi
n �

Ni

li
. (50)

Critical frictional stress τi
peak is

τi
peak � ci + σi

n tan φi. (51)

Critical frictional resistance Ti
peak is

T
i
peak � cili + Ni tan φi. (52)

Frictional force after strength reduction Ti
peak,F is

T
i
peak,F �

T
i
peak

F
. (53)

Driving sliding force Pi
S (P0 � 0) is

P
S
i � Wi sin αi + Pi− 1 cos αi− 1 − αi( 􏼁

+
1
2
cwh

2
i,u cos αi −

1
2
cwh

2
i,b cos αi.

(54)

Unbalanced thrust force Pi is

Pi � P
S
i − T

i
peak,F, (55)

where Wi is the weight of the i-th slice block, li is the length
of the i-th slice block bottom, αi is the angle between the
bottom and the horizontal axis of the i-th slice block, ci is the
cohesion of the bottom of the i-th slice block, φi is the
frictional angle of the i-th slice block, F is the stability factor,
σi

n is the normal stress of the i-th slice block, cw is the specific
gravity of water, hi,u is the height of water at the left of the
slice block, and hi,b is the height of water level at the right of
the slice block.

8. Case Study

+e progressive failure process is presented for the Kaziwan
landslide in the +ree Gorges Reservoir.

8.1. Geological Survey. +e Kaziwan landslide is situated in
Zigui County, and its geographic coordinates are as follows:

the m-th slice block

slope surface

sliding surface n

m
m+1

n–1

m–1

1
2

3
4

Figure 12: Schematic of the partial strength reduction method.
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(X: 3432550, Y: 37471500), longitude: 110°41′37″E, and
latitude: 31° 0′48″N.+e Kaziwan landslide is located on the
left bank of the Guizou River, 1.9 km from the mouth and
44 km from the +ree Gorges Dam. Its basic characteristics
are as follows. +e trailing edge elevation is 720m, the
leading edge elevation is 85m, the slope aspect is 296°, the
slope length is 1270m, the slope height is 635m, and the
slope degree is 15°∼40° (Figure 14).

Quaternary deposits are distributed across the slope. +e
deposits consist of broken stone and silty clay. Most stone is
located at the toe of the slope; boulders can be seen in the
front, the particle sizes range from 0.4m to 1.0m, and the
largest is more than 1.0m. +e stratigraphic lithology is
interbedded sandstone and mudstone of the Upper Jurassic
Suining Formation.+e purple-red silty mudstone, siltstone,
and feldspar sandstone crop out the northeast of the slope.
+e occurrence of bedrock is 280°∼320°∠26°∼39°, and the
occurrences of fissures are 180°∠82° and 240∼250°∠46∼79°.
Cracks are filled with mudstone. +e lateral bedrock crops
out to the southwest, and its occurrence is 65°∠66°. +e
Kaziwan slope is downward.

+e Guizhou River is an open face of the Kaziwan
landslide. Its left boundary direction is 340°, and its length is

1000m; the terrain gradient at the boundary is gentle, and
the gradient is approximately 20°. Its right boundary di-
rection is 210°, and its length is 1000m. +e landslide is
composed of sandstone and mudstone, which are easily
softened by water immersion to form a weak layer. +e
sliding zone between the sandstone and mudstone is formed
naturally.

Phreatic line

Ti

pi

Ni

αi

αi-l

αi

pi-l

γwhi,l

γwhr,l

hr,l

hi,l

αi

Wi

li

Figure 13: +e force distribution of the i-th soil slice block.

Quaternary deposits
Quaternary debris
Quaternary landslides
Boundary of Landslides

I
Guizhou River

Figure 14: Plan view of the Kaziwan landslide.
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8.2. Calculation and Analysis. +e calculated slice block
scheme (Figure 15) can be obtained along the profile I-I’
(Figure 14). +e specific weight of the sliding body is
20 kN/m3, and the angle and length of the bottom margin of
the slice block can be seen in Figure 15.

+e parameters of the model are listed as follows:

c � 24 kPa,

ϕ � 23∘,

G � 2850 kPa,

ρi,0 � − 0.9999,

ρi,c � − 0.51,

σn,c
i � 900 kPa,

ςi � 1.28,

ai,3 � 0.0129,

ai,2 � 1500 kPa,

ai,1 � 2000 kPa,

b1 � 50,

b2 � 0
1

kPa
􏼒 􏼓.

(56)

+e rainfall with a recurrence interval of 20 years is
researched, and the seepage curve can be obtained by nu-
merical analysis. +e TSF is 1.587.

+e critical stress state is located in the 25th slice block,
when the partial strength reduction method proposed in this
paper is used and the safety factor is equal to 1. When the
critical state block (CSB) moves forward step by step, the
different safety factors are presented (Table 1) under the
rainfall with a recurrence interval of 20 years.

+e rainfall once in 50 years is also researched, and the
TSF is 1.462. +e critical stress state is located at the 30th
slice block, when the partial strength reduction method
proposed in this paper is used and the safety factor is equal to
1. When the CSB moves forward step by step, the different
safety factors are presented (see Table 2) under the rainfall
once in 50 years.

+e TSFs (1.587 and 1.462) are obtained under the
rainfall once in 20 and 50 years, respectively. +e surplus
safety factors are 0.587 and 0.462, respectively, but the safety
factors obtained by the MTM are 0.202, 0.203, 0.203 and
0.097, 0.101, 0.099 in the X-axial, Y-axial, and main sliding
directions, respectively. +ese results show that the surplus
safety factors (0.587, 0.462) obtained by the traditional
method are greater than those (0.203, 0.099) of the new
method (MTM) proposed in this paper.

Tables 1 and 2 show that the safety factor decreases while
the critical stress state moves forward step by step. Finally,
when the 36th slice block is in the critical stress state, the
safety factors of MTM and SDM are equal to 0 and the safety

1
2

3456
7

8
9

175m water level line

phreatic line (50 years)

phreatic line (20 years)

10
12 11

1314151617181920212224 23252627282930313233343536

Figure 15: Block division map of the Kaziwan landslide.

Table 1: Safety factor of progressive failure under the rainfall with a
recurrence interval of 20 years.

CSB 25 26 27 28 29 30
TSF 1.317 1.349 1.399 1.410 1.428 1.484
FCSRM

x 0.746 0.704 0.655 0.607 0.559 0.510
F

y

CSRM 2.925 2.808 2.667 2.526 2.385 2.244
Fs
CSRM 1.718 1.558 1.540 1.523 1.475 1.410

Fx
MTM 0.202 0.193 0.175 0.157 0.124 0.108

F
y

MTM 0.205 0.197 0.186 0.172 0.147 0.121
Fs

MTM 0.203 0.195 0.189 0.166 0.135 0.111
Fx

CDM 1.152 1.141 1.133 1.117 1.102 1.088
F

y

CDM 1.238 1.206 1.193 1.181 1.172 1.162
Fs

CDM 1.188 1.175 1.161 1.157 1.144 1.133
Fx

SDM 0.284 0.268 0.256 0.211 0.185 0.163
F

y

SDM 0.402 0.392 0.342 0.319 0.288 0.267
Fs

SDM 0.344 0.333 0.326 0.300 0.282 0.236
CSB 31 32 33 34 35 36
TSF 1.495 1.508 1.519 1.544 1.559 1.587
Fx

CSRM 0.462 0.414 0.365 0.317 0.269 0.220
F

y

CSRM 2.103 1.962 1.821 1.680 1.539 1.398
Fs

CSRM 1.320 1.290 1.214 1.117 1.049 1.011
Fx

MTM 0.097 0.075 0.043 0.024 0.018 0.00
F

y

MTM 0.101 0.092 0.067 0.043 0.037 0.00
Fs

MTM 0.099 0.084 0.046 0.029 0.021 0.00
Fx

CDM 1.064 1.053 1.042 1.035 1.025 1.00
F

y

CDM 1.142 1.121 1.101 1.090 1.070 1.00
Fs

CDM 1.120 1.110 1.075 1.055 1.020 1.00
Fx

SDM 0.142 0.109 0.081 0.048 0.026 0.00
F

y

SDM 0.253 0.218 0.173 0.127 0.071 0.00
Fs

SDM 0.215 0.193 0.122 0.101 0.054 0.00
+e normal deformation is neglected.
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factor of CDM is equal to 1; thus, the entire Kaziwan
landslide maintains the critical state. +e physical signifi-
cance of the MTM, SDM, and CDM are very clear.

9. Conclusion

+e failure rule for a slope is investigated, and several results
are obtained in this paper.+e failure development direction
is defined, and the mechanical failure mode can be deduced
from the cracking trajectories of the slope.

Five failuremodes are proposed for thrust-type slopes. In
mode I, shear failure occurs. In mode II, tensile (or tensile-
shear) failure occurs in the rear zone and shear failure occurs
in the other zones. In mode III, tensile (or tensile-shear)
failure occurs in the front zone and shear failure occurs in
the other zones. In mode IV, the mechanical failure mode is
a combination of modes II and III. In mode V, mechanical
failure occurs by alternating shear-tensile-shear modes. +at
the failure occurs is defined along the sliding surface.

For pull-type slopes, in mode I, shear failure occurs along
the whole sliding surface. In mode II, shear failure occurs in
the front zone and tensile (or tensile-shear) failure occurs in
the rear zone. In mode III, shear failure occurs in the front
zone and tensile failure occurs in the rear zone of the sliding
body. Mode IV corresponds to a rock mass with distributed
joints (or fissures): shear, tensile, and shear failures occur
alternately along the soft interlayer and joints (or fissures).
Mode V is a combination of mode IV and a shear failure (or
tensile-shear or tensile failure).

Five existing forms in the field are proposed for slopes. In
form I, the stress distribution is within the yield limit stress
state. In form II, the various states of elastic, elastoplastic,
and peak stresses are distributed in different zones. In form
III, the states of previous peak, peak, postfailure, and residual
stresses are distributed. In form IV, the postfailure and
residual stress states are present. In formV, the entire sliding
surface is in the residual stress state.+e stress distribution is
designated to follow the sliding surface.

+e force distribution characteristics are analyzed along
the sliding surface; the driving sliding force is greater than
the frictional resistance in the postfailure zone, and the

pressure is equal to the counterpressure corresponding to
the critical state. +e driving sliding force and pressure are
equal to the frictional resistance and counterpressure, re-
spectively, in the stable and less-stable zones and at the
critical state, but the frictional resistance reaches its maxi-
mum at the critical state and both shear stress and shear
strain are discontinuous in the failure zone.

+e stability of the slope is directly related to the critical
state. +e force and moment balance corresponding to the
material strength are used to describe the critical state for the
slice method. Design methods for slope control are proposed
according to the failure characteristics. In method I, a rigid
design is suggested; the slope control position is selected at
the critical state for the thrust- and pull-type slopes and at
the yield limit stress state for the foundation pit with a safety
factor. In method II, a flexible design is proposed; the slope
control position is selected at the yield limit stress state for
the thrust- and pull-type slopes and at the peak limit stress
state for the foundation pit with a safety factor. In method
III, a rigid-flexible design is proposed, and the slope control
position is selected between those of methods I and II with a
safety factor.

Some terms (failure ratio, etc.) are defined, and they are
used for mechanical analysis and probability theory appli-
cation to slope engineering. +e definition of the TSF (the
maximum frictional resistance divided by the driving sliding
force) is worth discussing, and it is possible for the TSF to
evaluate an element (or a slice block). +e research results
show that the MTM, CDM, and SDM are feasible for
evaluating the stability of a slope with regressive failure.
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/e underground local fan and auxiliary fan also play a vital role in the underground air quality, compared with the system fan.
However, the number of underground local fans and auxiliary fans is large and widely distributed, which is disadvantageous to
adopt the same method of online monitoring and fault diagnosis method as the system fan. In order to find a new fault diagnosis
method, which is cost-effective and reliable, this paper proposes a fault diagnosis method based on sound signal. It analyzes the
source of fan noise and studies the overall scheme of mine fan fault diagnosis expert system based on sound signal./e fault expert
system consists of four parts: signal acquisition and noise elimination, feature extraction, state recognition, and fault diagnosis. Its
principle is briefly introduced. /e denoising method of wavelet is adopted in this paper. Wavelet packet is used to extract the
characteristics of sound signal, and the energy size and energy proportion of each frequency component are used as the basis of
knowledge acquisition and reasoning. /rough the analysis of the measured signals of the fan in the normal operating state, the
feature vectors were extracted as the basis for the discrimination of the normal state after noise elimination. At the same time, the
audio processing software was used to simulate the sound signals in three fault states. /en, the feature vector of the fault state is
extracted, which is obviously different from that of the fan in the normal operation. As the basis of fault state analysis of the expert
system, it lays the foundation for the realization of the expert system of mine fan equipment running state diagnosis.

1. Introduction

Mine fan is the core equipment of mine ventilation safety,
which provides the necessary power for air flow./e normal
operation of the fan is very important for the whole ven-
tilation system. At present, the real-time monitoring and
fault diagnosis technology for the operation status of the
main fan in the mine are relatively perfect. Compared with
the local fan which is used to press in the working face and
the auxiliary fan which is used to adjust the air volume in the
branch air path of the mine ventilation network, the real-
time monitoring of the underground auxiliary fan and the
local fan has the characteristics of large number and complex
distribution./erefore, it is necessary to find an accurate and
convenient detection method to detect the operation status
of the fan in real time, so as to ensure a good working

environment in the mine and the health and labor safety of
underground workers.

Nowadays, most of the fan monitoring uses vibration
signals for online monitoring. /ere are always one or more
inherent vibration frequencies in the operation of the fan.
When the fan runs abnormally, it may produce one or more
frequency components different from its own natural fre-
quency. Relevant scholars at home and abroad have done
relevant research on fan monitoring and fault diagnosis
based on vibration signal, temperature, and artificial intel-
ligence. Yao and others proposed a nonlinear autoregressive
moving average model to test the sunspot data and then
applied themodel to fan fault diagnosis, with high prediction
accuracy [1]. Hong and Liao proposed a classification
method based on Drosophila algorithm to optimize the least
squares support vector machine (LSSVM). Based on the
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eigenvectors of fan vibration frequency domain as learning
samples, the improved LSSVM model is used to identify the
energy characteristics of fan vibration signal, which has the
characteristics of high recognition rate and fast diagnosis
speed [2]. Shu established the mine fan fault monitoring
model by extracting the complex number of fault features in
the fan vibration signal, combined with the principle and
method of weighted support vector machine, and realized
the online monitoring of mine fan fault [3]. Xuan and Li
designed a set of online monitoring and fault diagnosis
system for large-scale mine fan based on LabVIEW, realized
real-time acquisition of fan vibration signal, monitored the
operation status of equipment, and reached a diagnosis
according to the vibration situation through analytic hier-
archy process [4]. Zhai, through the combination of tem-
perature change, vibration frequency, auxiliary, and
troubleshooting diagnosis method, carried out fault diag-
nosis on several points of coal mine [5]. Zhao used BP neural
network algorithm to predict the temperature of gearbox
bearing, verified the feasibility and rationality of the network
model, mastered the fan state, and ensured the stable and
reliable operation of the unit [6]. Vibration signals need
contact sensors to collect signals, and the fan itself is in the
complex environment of high voltage and strong electro-
magnetic field, which affects the monitoring results and is
not conducive to installation and maintenance.

In terms of audible sound, based on the analysis of
acoustic characteristics, there is no relevant literature on
mechanical fault diagnosis of mine fan equipment. Com-
pared with the vibration signal, it is of great significance to
introduce the sound signal into the condition monitoring of
the fan equipment. /e fan will produce different sound
signals in different operation states. /e sound signal under
the normal operation state can be collected and analyzed to
extract the detailed features, which can effectively carry out
monitoring and fault diagnosis. Condition monitoring is
used in fault diagnosis system, which includes two aspects:
signal analysis and processing, and fault diagnosis. /e
purpose of signal analysis and processing is to transform the
obtained information through certain methods and extract
the most intuitive, sensitive, and useful feature information
from different angles [7].

/is paper studies the technical scheme of mine fan
sound monitoring and diagnosis system. /e front-end
equipment is used to collect the sound signal of the normal
operation of the mine fan. /e wavelet denoising processing
is used first and is then combined with the recognizable
characteristics of the sound signal. /rough the fault di-
agnosis expert system of the mine fan, the operation state of
the fan can be effectively judged.

2. New Program for Safety Monitoring of Mine
Fan Operation

/ere is a close relationship between the audio signal of the
mine fan and its running state. /e sound of the fan in the
normal running state has its fixed time-frequency charac-
teristics, which can be used as the basis for fault diagnosis.
/erefore, the real-time acquisition of the sound signal from

the fan equipment, the use of digital signal processing
analysis of the current time-frequency information, can
diagnose whether there is a fan failure or hidden danger.
Compared with the vibration signal feature analysis, the fault
diagnosis method of sound signal is a real noncontact,
nonembedded, and 24-hour online monitoring method.
/erefore, the real-time acquisition of acoustic signal from
mine fan equipment and quantitative analysis of its variation
law and mutation characteristics by digital signal processing
method can diagnose faults or hidden dangers [8]. At the
same time, compared with the vibration sensor, the sound
sensor has advantages in price, long service life, and easy
replacement. It is suitable for the dispersion of local fan and
auxiliary fan in the mine, reflecting the economy based on
sound monitoring. /e overall block diagram of mine fan
fault diagnosis system based on sound is shown in Figure 1.

/e whole system is divided into four parts: signal ac-
quisition and denoising, feature extraction, state recogni-
tion, and diagnosis decision.

Signal acquisition collects the sound generated by the
normal operation of the mine local fan and selects the sound
signal that can represent the working state of the equipment
for feature extraction, which is used as the basis for diag-
nosing the equipment fault. After the completion of signal
acquisition, the signal feature extraction is carried out.
Acoustic signal feature extraction firstly denoises the col-
lected sound signal and then transforms the denoised signal
into energy as the signal feature by signal analysis and data
processing. After feature extraction, the state recognition is
carried out, and the characteristic parameters of acoustic
signal obtained after signal processing are compared with
the allowed parameters or discriminant parameters in the
system knowledge base through the inference engine, so as
to diagnose whether there is fault in its operation state and
further determine the type of fault. Finally, the diagnosis
system decides the measures to be taken according to the
status of the diagnosis equipment and then predicts the
possible development trend of the equipment according to
the current signal, analyzes the trend, and makes a decision.

/e monitoring and fault diagnosis of mine local fan can
be realized by collecting the sound signal of fan operation,
combining with the signal denoising and feature extraction
technology, and then using the expert system.

3. Acoustic Signal Acquisition and Processing

Due to the complex environment of underground mining
face, a large amount of noise will be mixed when collecting
the fan signal, which is a typical nonstationary signal. Fan
noise is a by-product of fan operation, but it also contains
rich information about the operation process. Experienced
operators can often judge the equipment status by listening
to the sound changes in the operation process [9].

3.1. Source of Fan Noise

3.1.1. Noise of Blade Rotation. When the blade rotates, it will
rub or impact with the air. /e noise is sharper when the
speed is faster and the frequency of air connection is higher.
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/is phenomenon is more obvious when the width or
thickness of the blade increases. /e frequency of noise is
composed of multiple frequencies, which are related to the
speed of the fan.

3.1.2. Noise of Blade Vortex. During the operation of the fan,
the vortex will be generated on the back of the moving wing,
which will not only reduce the efficiency of the fan, but also
produce noise. During the operation of the fan, the vortex will
be generated on the back of the moving wing, which will not
only reduce the efficiency of the fan, but also produce noise.

3.1.3. Noise of Turbulence. When the air is flowing, if it
meets sharp obstacles, it is easy to cause turbulence. Al-
though the turbulence is different from the vortex, it will also
produce noise or high-frequency whistling, which will also
cause efficiency loss to the fan. Although the turbulence is
different from the vortex, it will also produce noise or high-
frequency whistling, which will also cause efficiency loss to
the fan.

3.1.4. Noise of the Air Duct Housing Resonates. /e joint
between the air duct and the inner surface of the fan shell
shall be smooth to avoid roughness and unevenness, which
may cause tearing sound. Moreover, because the connected
pipeline will produce resonance, the subtle sound will be-
come larger, resulting in greater noise. In the design,
sometimes the air duct can be covered with antisound
material to reduce noise.

3.1.5. Noise Outside the Fan. In addition to the fixed noise of
the fan itself, there aremany noise sources, such as the bearing
due to insufficient precision, improper assembly, or poor

maintenance, which will cause abnormal noise. /e motor
also produces noise, some of which is caused by poor design
or poor manufacturing quality control, but sometimes by the
cooling fans inside and outside themotor. Gears and belts also
produce noise due to friction. /e noise produced by the
resonance of other structures cannot be ignored, which is
sometimes caused by the imbalance of the body.

3.2. Signal Acquisition and Analysis. Sound signal carries all
kinds of information. /e purpose of sound signal pro-
cessing is to extract these kinds of information. /e pro-
cessing methods can be divided into time-domain analysis
and frequency domain analysis. /e time-domain analysis is
relatively intuitive and simple, while the frequency domain
analysis changes the sound signal from the time domain to
the frequency domain composed of sine function or cosine
function to extract the characteristic parameters.

In this paper, the sound equipment with sampling fre-
quency of 44100Hz is used to sample the local fan in themine.
/e time-domain waveform and frequency spectrum of the
fan in normal operation are obtained by processing the audio
signal collected from the field. /e sampling point is
4.4 ∗ 104, and the time domain waveform is shown in
Figures 2(a) and 2(b), which reflects the image of the sound
signal in the time domain, and the relationship between the
change of the sound signal with time and the amplitude of the
sound signal. /e time-domain signal is changed to the
frequency domain through Fourier change, and the spectrum
components and the intensity of each component of the signal
are analyzed. It reflects the relationship between the sound
signal frequency (Hz) and the amplitude of the sound signal at
this frequency. From the analysis results, it can be seen that
the fan audio signal is composed of multiple frequencies, the
main frequency components are within 8000Hz, and the
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Figure 1: Fault diagnosis system diagram of mine fan.
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200Hz, 300Hz, and 600Hz frequency points in the power
spectrum show obvious current spectrum.

3.3.WaveletDenoising. Because the fault signal is a transient
signal, the traditional Fourier transform analysis method
cannot be distinguished. /is is because the use of Fourier
transform analysis will be able to reflect the fault charac-
teristics of the local signal in the entire frequency domain
smoothed out, thus losing the useful information used to
analyze the fault, resulting in large errors. /e wavelet
analysis has good time-frequency localization, using dif-
ferent scales, in different widths of the time window for
analysis, especially suitable for the processing of odd signals
[10, 11]. /e principle of wavelet threshold denoising is to
generate a threshold value by estimating the noise intensity
and use the threshold function to process the wavelet co-
efficients to remove part of the noise-related components, so
as to increase the proportion of useful signals. /ere are
three main steps: firstly, the noisy signal is decomposed into
several layers of wavelet coefficients by wavelet variation,
then the noise-related components are removed by pro-
cessing the wavelet coefficients in each layer using the
threshold function, and finally the signal is reconstructed by
wavelet inverse transform [12].

(1) Choose a wavelet, determine the number of layersM
of wavelet decomposition, find suitable wavelet basis,
and then use discrete wavelets to perform M-layer
wavelet decomposition on noise-bearing signals [13].
/e Harr wavelet function is defined as follows:

ψ(x) �

1, 0≤x<
1
2
,

−1,
1
2
≤x< 1,

0, others.

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

(1)

(2) /reshold quantization is performed on the high-
frequency coefficients of each layer from the first

layer to M. Soft and hard thresholding methods are
commonly used [14]. /e soft thresholding method
sets the wavelet coefficients smaller than the
threshold to zero and makes the wavelet coefficients
larger than the threshold shrink toward zero, with
the following expressions:

s �
x, |x|>T,

0, |x|≤T.
􏼠 (2)

/e two methods differ from each other, with the
former having continuity and being mathematically
easy to handle, and the latter being closer to the
implementation case.
/e key to threshold processing is the selection of the
threshold value. If the threshold value is too small,
noise will remain after noise cancellation; if the
threshold value is too large, important signals will be
filtered out and cause bias.

(3) Wavelet reconstruction of the signal based on the
low-frequency coefficients of the Mth layer of the
wavelet decomposition and the high-frequency co-
efficients of the first to Mth layers after quantization
is performed with the following expression [15]:

cj−1, n � 􏽘
n

cj, nhk − 2n + 􏽘
n

dj, ngk − 2n. (3)

cj,n is the scale factor; dj is the wavelet coefficients; h,
g are a pair of orthogonal mirror filter sets; j is the
number of decomposition layers; n is discrete
sampling points.

Wavelet transform has good time-frequency charac-
teristics. Compared with traditional linear filtering and
nonlinear filtering, wavelet denoising has the characteris-
tics of low entropy, multiresolution, decorrelation, and
diversity of wavelet base selection. Reduce the entropy of
the signal after transformation, and better characterize the
nonstationary characteristics of the signal, such as edge,
peak, and breakpoint. /e noise tends to whiten after
transformation. At the same time, wavelet transform can
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Figure 2: (a) Time-domain waveform of signal. (b) Spectrum of signal.
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flexibly select different wavelet bases according to the
characteristics of the signal.

3.4. Elimination of Measured Signal Noise. MATLAB soft-
ware is used to denoise the measured sound signal of
5.5 kW mine press in axial flow local fan. /rough the
denoising function in the wavelet toolbox, the measured
audio signal is decomposed into five layers by using the
Harr wavelet in the wavelet toolbox to obtain Figure 3(a), in
which s is the original signal, A5 is the fifth-order ap-
proximation signal, d1–d5 is the detail signal after wavelet
decomposition, and the frequency components are
arranged from low to high [16].

Denoise the signal and get the image (the red part is
the original signal and the purple part is the denoised
signal). It can be seen that the burr in the signal can be
eliminated by denoising, and the rich high-frequency
information can still be retained, which has obvious
denoising effect. /e characteristics of wavelet transform
multiresolution analysis make it have a strong advantage
in noise reduction rate [17].

4. Wavelet Packet-Based Feature Extraction

Feature extraction refers to the identification and separation
of faults in the process of extracting the characteristic in-
formation related to wind turbine faults from the state
signal. /e general feature quantity is selected in order to
transform the information from the measurement space to
the feature space that is built for a substantial reduction in
the number of dimensions, thus highlighting the fault
characteristics and improving the accuracy for subsequent
fault diagnosis. /ere are usually 3 steps to extract feature
quantities [18, 19].

(1) /e signal is decomposed by 3 layers of wavelet
packets, and the signal features of 8 frequency
components from low to high frequencies are
extracted in layer 3, respectively. /ese 8 wavelet
packet coefficients summarize the features of the
wind turbine audio signal in different frequency
bands. Its wavelet packet decomposition tree is
shown in Figure 4. /e wavelet packet coefficients of
each node are obtained as [S3,0, S3,1, S3,2, S3,3, S3,4,
S3,5, S3,6, S3,7].

(2) Find the total energy of the signal in each frequency
band. Let the energy corresponding to S3jbe E3j, j� 0,
1, . . ., 7; then we have

E3j � 􏽚 S3j(t)

􏼌􏼌􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌􏼌􏼌

2
dt � 􏽘

n

k�1
x
2
jk

􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌, (4)

where xjk (j� 0, 1, . . ., 7, k� 1, 2, . . ., n) denotes the
amplitude of the discrete points of the reconstructed
signal S3j.

(3) Construct the eigenvectors. Construct the eigen-
vector T with energy as an element: T� [E30, E31,
E32, E33, E34, E35, E36, E37,].

In practical engineering, when the energy is relatively
large, it can cause inconvenience during data analysis.
/erefore, the energy value of the signal is usually nor-
malized, and the ratio of the energy of each node to the total
energy is taken as a feature to form the corresponding
feature vector [20]. /e corresponding equation is

T(j, i) �
E(j, i)

􏽐k∈(j,i)E(j, i)
. (5)

T(j,i) is the percentage of energy of the corresponding
node; E(j, i) is the energy value of the corresponding node.
/e above calculation results in a new feature vector T`�

[T0, T1, T2, T3, T4, T5, T6, T7,] for the wind turbine audio.
Collect the audio signals of five groups of fans under

normal operation, which are G1, G2, G3, G4, and G5, re-
spectively. /e duration of the audio signal is 1 s. Each group
of audio signals is divided into eight energy nodes (T0, T1,
T2, T3, T4, T5, T6, T7). Use the wavelet packet of db3 of
MATLAB wavelet packet tool for three-layer decomposition
to obtain the ratio of the energy of each node to the total
energy, as shown in Figure 5. After obtaining the total energy
of the signal, the energy of each node is obtained (E30, E31,
E32, E33, E34, E35, E36, E37), as shown in Table 1. From the
energy proportion in Figure 5, it can be seen that the
proportion of each node in the total energy has no obvious
change. From the output energy of the signal in Table 1, it
can be seen that the output energy of each node has a small
change. From the two aspects, it can be seen that the test data
has good repeatability, so the requirement for the number of
tests n is not too much. Finally, according to the feature
vector of the signal, through the fault diagnosis expert
system for decision-making classification, we can judge
whether the mine fan is faulty or not.

By collecting the sound signal of the mine fan, wavelet
noise eliminated. Extract the feature vector of the signal to
get several groups of data that can characterize the signal
information by usingMATLAB./is is used as the judgment
basis of inference machine [21, 22].

5. Fault Signal Simulation

Due to the low failure rate of mine fan, it is easy to collect the
audio signal in the normal operation state, but it is very
difficult to study the audio signal in the specific fault type.
/erefore, in order to study the fan audio signal under some
specific fault conditions, the audio processing software is used
for simulation. In this paper, three kinds of fan fault audio
signals are simulated.When the fan is running under load, the
fan bearing overheats, and the fault sound is “buzzing.”When
the bearing is abnormal, the fault phenomena are various
abnormal sounds, such as sharp sound, whistling sound, or
impact sound.When the operation of the belt is abnormal, the
fault phenomenon is that the belt jumps out during the
operation and makes a “pop” sound, and the speed of the belt
pulley decreases. Based on the above audio signal denoising
and feature extraction algorithm, five groups of data of three
kinds of fault audio signals are analyzed, and their corre-
sponding energy is calculated as shown in Figure 6.
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Figure 6(a) simulates the sound of the fan under load.
Simulate five groups of audio signals in this state, namely,
G1, G2, G3, G4, and G5, and calculate the proportion of each
node energy to the total energy. Similarly, Figures 6(b) and
6(c) are audio signals under the fault state of fan bearing and
the abnormal state of fan belt. Different types of fault audio
signals simulate 5 groups of signals and extract characteristic
information. It is not difficult to find that the fan has cor-
responding frequency characteristics under different fault
operating states, and the characteristic frequencies of audio

signals with the same fault have high similarity. /e char-
acteristic frequencies of different fault types change greatly,
and these fault characteristic frequencies are also quite
different from the frequency of normal operation state,
which can be used as the basis of fault reasoning. Once the
test audio signal has different characteristic frequencies, the
fault can be judged, and the reliability of soundmonitoring is
verified. However, due to the limited research data, the
threshold between different states cannot be accurately
determined, which needs further research.
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Figure 3: (a) Original signal decomposition diagram. (b) Comparison of original signal and denoised signal.
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6. Conclusion

/is paper puts forward a fault diagnosis scheme based on
the sound signal of mine fan and analyzes the noise source of
mine fan, including the noise generated by blade rotation,
the noise generated by blade eddy current, the noise gen-
erated by turbulent flow, the noise generated by resonance
with the air duct shell, and the noise caused outside the fan.
/rough the audio data collected by the audio device, the
wavelet denoising is used to filter the signal layer by layer,
and the noise in the signal is reconstructed to retain its
mutation characteristics. /e wavelet packet algorithm is
used to quantify the time-domain information. According to
the output energy and energy proportion of each node, the
feature vector is used for the diagnosis and decision-making
of reasoning machine. /e results show that the method
highlights the fault characteristics and can judge whether
there are hidden faults in the mine fan. /rough the audio
processing software to simulate the sound signal of the fan in
three fault states, using the above data analysis, the feature

vector of the fault state signal is extracted. It is found that
different fault states have their corresponding feature fre-
quencies, which are obviously different from the feature
vector of the fan in normal operation, which can be used as
the basis for the fault signal identification of the expert
system.

/e fault diagnosis based on sound analysis is a new
noncontact onlinemonitoringmethod, which can accurately
reflect the operation status of electrical equipment without
affecting the normal operation of electrical equipment. It is
more effective for online monitoring and fault diagnosis of
mine fan. /is method can ensure the normal operation of
the mine fan, find the hidden danger of the fan in time, and
ensure the life safety of the underground workers, which is of
great significance to promote the digital mine.

Data Availability

/e sound signal data used to support the findings of this
study are included within the article.
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Figure 6: (a) Under fan load condition. (b) Fan bearing fault. (c) Under abnormal condition of fan belt.

Table 1: /e output energy of the signal table.

Group E30 E31 E32 E33 E34 E35 E36 E37
1 12590.25 36.32 182.97 304.06 63.23 22.87 82.06 170.86
2 12268.89 35.4 178.32 297.64 61.62 22.29 79.98 166.52
3 12462.69 35.94 179.71 299.52 62.56 22.63 81.2 169.06
4 12864.11 37.13 188.42 313.59 64.64 23.38 85.27 176.05
5 12794.83 36.92 186 310.46 64.28 23.25 84.79 175.06
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In this research, a uniaxial acoustic emission experiment was conducted on rock samples with different positions and diameters of
the hole, and an analysis was made on the impact of different hole positions and diameters on the mechanical properties, failure,
energy conversion, and acoustic emission-caused damage characteristics and laws of the rock samples. +e results reveal as
follows: first, due to the existence of holes in rocks, the stress-strain curve changes at each stage, accompanied by multiple stress
drops. And the peak strength gradually reduces with the increase in hole diameter. At different hole positions, the duration that
the rock sample passes through at each stage of the stress-strain curve varies, and the peak strength of the rock with the vertical
hole is greater than that of the rock with the horizontal hole. +is indicates that the bearing capacity and stability of the rock
sample with the vertical hole are greater than those of the rock sample with the horizontal hole of the same diameter. Second, by
making a comparison on the failure characteristics of rock samples, it is found that the intact rock shows brittle failure. For the
rock sample with the horizontal hole, symmetrical tensile cracks initially appear in the upper and lower parts of the hole and finally
form shear failure. As for the rock sample with the vertical hole, Y-shape failure originally presents and eventually forms N-shape
failure with the increase in hole diameter. Over a comparison with the failure pattern of an intact rock sample, it is demonstrated
that the final failure pattern and crack expansion trend on the rock sample vary with the change in the hole position and diameter.
+ird, as obtained by comparing and analyzing the energy conversion of the rock with different diameters of the hole, the energy
conversion in the rock is changed due to the existence of holes, and the increase in hole diameter causes a gradual decrease in the
elastic energy stored in the rock and gradual increase in the dissipated energy. And by comparing the energy conversion of the
rock with different positions of the hole, it is acquired that the elastic energy conversion ratio of the rock with the vertical hole is
higher than that of the rock with the horizontal hole. Furthermore, an explanation was made on the difference in the failure
processes of the two types of rocks from the perspective of energy conversion.

1. Introduction

+ere are many causes for the rock failure, and one of the
important causes is the existence of natural hole in the rock,
mainly for the reason that the size and distribution of the
hole in the rock are inseparable from the mechanical
properties of the rock [1]. A large number of research studies
have demonstrated that rock failure is a process of gener-
ation, evolution, and penetration of cracks, and defective
hole in the rock is a key factor that leads to rock failure [2].

For this reason, researchers both in China and foreign
countries have conducted a large number of theoretical and
experimental research studies on the prefabricated rock with
holes. First of all, in terms of theories and experiments, Lajtai
[3, 4] artificially simulated rocks with the hole by using
gypsum and studied the evolution process of cracks around
the hole by uniaxial compression.+e research results reveal
that some primary pulling cracks, positive shear cracks,
secondary pulling cracks, and oblique shear cracks appear
during the failure process of the rock; Yang et al. [5–7]
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conducted uniaxial compression test on sandstone and
marble with a single hole. Consequently, crack appeared
around the hole, which was caused by the concentration of
tensile stress. Later, the crack gradually expanded toward the
edge or weak part of the rock along the loading direction
which revealed that the heterogeneity of the rock had a huge
impact on the expansion of the crack on the rock. Li et al.
[8, 9] conducted uniaxial compression and blow tests on
slab-like granite and marble with the hole and analyzed the
vital role that the splitting tensile damage occurred around
the hole played in rock failure, where the elastic-plastic
rockburst characteristics of the rock also evolved around the
hole. Tang and Xu and Liu et al. [10, 11] established an
acoustic emission damage model and conducted uniaxial
compression on it, obtaining the equation curve of the
damage evolution rule. Li et al. [12–14] found that me-
chanical parameters and acoustic emission characteristics
were affected by the distribution of cracks on the rock
containing hole. +e research result demonstrates that
emission is one of the key means of studying the damage
evolution of the rock, and in this evolution process, the rock
shows significant crack expansion and acoustic emission
characteristics. In the research of Yankui and Nie [15],
compression test was conducted on a rock with the hole and
crack.+eir research results demonstrate that the crack has a
greater impact on the mechanical properties of the rock than
the hole, different from the acoustic emission characteristics
of the rock without the hole and crack.

Feng et al. [16, 17] obtained the discrimination method of
tunnel rockburst by abstracting the rock with holes; it is the
existence of the hole and crack that change the acoustic
emission characteristics of the rock with the hole and crack. As
known by analyzing the research studies on the damage failure
of the defective coal rock, the current research studies on the
impact of the hole on rock failure only focus on analysis from
the macrofailure perspective of the rock, and few research
studies involve the distribution of stress in the pressurized rock
with the hole and the impact of stress distribution on the crack
failure of the rock with the hole in the loading process. In
addition to the failure caused by the internal defect of the rock,
the position of the hole should also be taken into consideration
because the direction of the stress acting on the hole at different
positions varies, and the impact on the rock failure is also quite
different. However, there are few achievements in studying the
impact of the hole position on rock failure.

In view of this, from the macroperspective and energy
dissipation perspective, this paper analyzes the damage and
change of macromechanical behavior of the porous rock by
monitoring acoustic emission and simulating the stress
distribution of the porous rock during loading. +e con-
clusion obtained is of certain significance for guiding the
stability control of the defective surrounding rock, the
driving in the well, and the selection of the supporting
measure in the face of the surrounding rock with the hole.

2. Materials and Methods

2.1.Materials. +e rock samples were black stones collected
from a mining area. Considering the influence on

mechanical properties of the rock sample with the hole, the
processed rocks were bored in two steps. First, high-pre-
cision electric drill was used to bore on the rock for the first
time due to the difficulty in initial boring. Second, after
initial boring, existing hand drill was used to conduct sec-
ondary fining-off and finally produce rock samples with the
vertical hole and horizontal hole of different diameters
(respectively, 5mm, 10mm, and 15mm).

According to regulations relevant to the mechanical test
on rocks and considering the test error caused by exper-
imental loading equipment, data acquisition, and a series of
manual misoperations, the quantity of rock samples pre-
pared for the experiment was not less than 4 and that
actually used in the experiment was not less than 3. +e
experimental result is the average value of the results
obtained. +e prepared rock samples are as shown in
Figure 1 and numbered as shown in Table 1.

2.2. Experimental Loading Procedures. A digital camera was
aligned with the rock sample. Four acoustic emission probes
were arranged around the rock sample with the hole to count
and acquire the energy emitted by acoustic emission. +en,
the evolution rule of the entire rock failure was observed via
the camera in combination with the acoustic emission
system and electrohydraulic servo press (see Figure 2).

+e uniaxial compression device was loaded by dis-
placement at a speed of 0.01mm/sec.

+e camera adopted an acquisition speed of 0.5 s/picture.
Moreover, in the experiment, the uniaxial compression
device and acoustic emission device were started at the same
time in order to ensure the preciseness of the experiment and
the consistency in the experimental data. +e impact of the
external environment on the correctness of the experimental
result and personnel walking around were reduced as much
as possible, and the door and windows were closed during
the experiment.

3. Analysis of Mechanical Properties and
Failure Law

3.1.-e Impact of DifferentHole Diameters on theMechanical
Characteristics of the Rock Sample. As can be seen from
Figure 3, stress-strain curves of the intact rock sample show
significant brittle failure. Due to the existence of the hole,
stress-strain curves of the rock sample in the elastic stage are
short compared with those of an intact rock sample, and
those in the yield stage are prolonged relatively.

However, the stress concentration around the hole be-
comes very strong, and this part of the rock is easier to enter
the destructive stage. With the increase of hole diameter, the
failure will become more obvious.

As presented in Figure 3(a) for the horizontal hole, the
stress change of the rock in the compression stage is obvious
and in an arc shape. Before reaching the peak point, the
stress falls apparently, where sample B05 with Φ5mm hole
shows two stress drops: the stress is dropped by 3.4MPa for
the first time when reaching 39.6MPa and by 2.6MPa for the
second time when reaching 42MPa. Sample C10 with
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Φ10mm hole also undergoes two stress drops: the first drop
is 3.4MPa when the stress reaches 26.5MPa, and the second
drop is 3.1MPa but occurs after the stress reaches the peak
point. Sample D15 with Φ15mm hole only has one stress
drop, and the drop is merely 0.75MPa, while as shown in
Figure 3(b) for the vertical hole, only sample C10 with
Φ10mmhole shows one stress drop, which indicates that the
rock with the vertical hole has good stability. Compared with
the brittle failure characteristics of the intact sample, after
the stress on this sample reaches the peak point with the
increase in hole diameter, almost all the samples with holes
obtain certain bearing capacity and undergo a repetitive
process (drop and then rise) in stress after reaching the peak

point. +is is mainly because of the buckling failure that
occurred on the rock sample due to unceasing expansion
and penetration of the interior cracks. In the failure stage,
the rock sample with the hole shows obvious stress drops. As
observed via the high-speed camera, every stress drop is
accompanied by the generation, expansion, and penetration
of new cracks.

According to Figure 4, the hole diameter has a great
impact on peak strength of the rock sample with the hole and
is inversely proportional to the peak strength. As for the peak
stress on the rock with different diameters of the horizontal
hole (Figure 4(a)), the average peak stress on the intact rock
in the failure state is 75.1MPa. If the hole diameter is 5mm,

Figure 2: Site of the acoustic emission monitoring experiment under uniaxial compression.

Figure 1: Samples with different hole positions and diameters.

Table 1: Sizes and mass of rock samples with different hole positions and diameters.

Sample no. Hole diameter, in mm Hole position Average mass, in g
A00 (1234) 00 N/A 99
B05 (1234) 05 Horizontal 95
C10 (1234) 10 Horizontal 88
D15 (1234) 15 Horizontal 80
E05 (1234) 05 Vertical 93
F10 (1234) 10 Vertical 88
G15 (1234) 15 Vertical 81
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the peak stress on the rock in the failure state is 42.7MPa,
reduced by 44.2% compared with the intact rock; if the hole
diameter is 10mm, the average peak stress is 37MPa, sig-
nificantly reduced by 51.1%; if the hole diameter is 15mm,
the average peak stress is 28.8MPa, reduced by 62.2%. In
contrast, the peak stress on the rock with the vertical hole is
as presented in Figure 4(b), where the peak stresses on rocks
with Φ5mm, Φ10mm, and Φ15mm holes are, respectively,
50.6MPa, 45.5MPa, and 38.6MPa, reduced by 33.1%, 40%,
and 49%, respectively. In comparison, the rock sample with
the horizontal hole has a low level of stress drop.

3.2. -e Impact of Different Hole Positions and Diameters on
the Failure Pattern of the Rock Sample. As shown in
Figure 5(a), the intact rock sample is being damaged, which

is the typical characteristic of brittle failure of the intact rock
sample and well corresponds to Figure 3, where the bearing
capacity of the intact rock sample quickly becomes 0 when
the stress-strain curves exceed the peak point. Figure 5(b)
presents the failure characteristics of the rock sample with
Φ5mm horizontal hole, where the number represents the
order of crack expansion. Under the loading of axial stress,
initial cracks 1a and 1b appear in the central part of the hole
for the first time. Crack 1b expands upward along with the
axial stress on the rock sample and produces tensile crack for
the reason that stress concentration occurs above the hole
under the action of uniaxial load on the rock sample with the
hole. With the continuous loading, newborn wing-shape
tensile crack 2 and distant crack 3 appear, where the distant
crack is produced when the interior stress exceeds the ex-
treme stress under the action of uniaxial load on the rock
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Figure 4: Peak stress on the rock with different diameters of the hole. (a) Peak stress on the rock with different diameters of the horizontal
hole. (b) Peak stress on the rock with different diameters of the vertical hole.
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Figure 3: Stress-strain curves of the rock with different diameters of the hole. (a) Stress-strain curves of the rock with different diameters.
(b) Stress-strain curves of the rock with different hole orientations.
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sample. Later with further loading, tensile crack 4a emerges
at the right end of the hole and connects with crack 2. +e
surface peeling failure at 4b may be caused by the stress
concentration in the loading process. Next, crack 2 quickly
expands downward and finally penetrates through and
connects with crack 3, leading to the final failure of the rock
sample.

Figure 5(c) shows the failure pattern of the rock with
Φ10mm hole. As clearly demonstrated in the figure, the
characteristic of the crack changes with the change in hole
diameter. First, with the loading of axial stress, the crack
change is similar to that when the hole diameter is 5mm,
namely, vertical tensile cracks 1a and 1b appear above and
below the hole. However, with the continuous increase in
axial stress, shear crack 2 comes out at the right end of the
hole and extends to the right upper end of the rock.+e right
compression-shear crack may be caused by the pressure and
stress concentration on the right and left of the hole under
the action of uniaxial load on the rock with the hole. Fol-
lowed by this, several secondary cracks appear around the
right shear crack, accompanied by “kar kar” noise and falling
debris from the rock sample, which well correspond to the
two stress drops shown in the stress-strain curves of the rock

with the hole. Eventually, the right shear crack expands to
the right end of the rock, causing the final failure of the rock.

Figure 5(d) illustrates the failure characteristics of the
rock sample with Φ15mm hole. At the beginning, crack is
generated in the same way as the crack on rock samples with
Φ5mm hole and Φ10mm hole, respectively, namely, tensile
cracks 1a and 1b appear in the middle part of the hole. +en,
a large amount of broken rocks fall off from the above of the
hole to the inside of the hole, which indicates that, with the
increase in hole diameter, the action of the hole becomes
more and more distinct. With the continuous loading of
stress, shear crack 2 appears at the left end of the hole, and
then the right lower end of the hole emits a noise of “kar,”
followed by a stress drop which can be clearly observed in
the stress-strain curves. Next, shear crack 3 comes out at the
right lower end of the hole and is in bilateral symmetry with
shear crack 2 in the initial position. Later, shear crack 2
extends to the left upper end, and crack 3 extends to the right
lower end, finally resulting in significant shear failure on the
rock sample. For the rock sample with Φ5mm hole, tensile
failure is dominant in the rock failure, while the failure of the
rock sample with Φ10mm hole is dominated by right shear
failure and that of the rock sample with Φ15mm hole is

(a) (b)

(c) (d)

Figure 5: Failure patterns of the rock sample with different diameters of the horizontal hole. (a) Failure pattern of the intact rock sample.
(b) Failure pattern of the rock sample withΦ5mm hole. (c) Failure pattern of the rock sample withΦ10mm hole. (d) Failure pattern of the
rock sample with Φ15mm hole.
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dominated by shear failure. As observed, for the rock sample
with the horizontal hole, under the action of horizontal
stress, the rock failure is gradually changed from tensile
failure to shear failure with the increase in hole diameter.

In case of the vertical hole, the failure patterns of rock
samples with different hole diameters are as shown in
Figure 6 and quite different from those of the intact rock
sample (Figure 6(a)). Figure 6(b) presents the crack failure
characteristics of the rock sample with Φ5mm vertical hole.
In the initial loading stage, the left bottom of the rock sample
presents backward tensile crack 1 and then shows pulling
crack 2 and shear crack 3. With the continuous loading of
stress, crack 3 coincides with crack 2, forming into a
Y-shaped crack. Meanwhile, crack 2 extends to the top and
bottom of the rock sample, small shear crack 4 occurs at the
top, and the left side of crack 2 presents several pulling
cracks connected to backward crack 1, resulting in the final
failure pattern of the rock sample.

Figure 6(c) demonstrates the crack failure pattern of the
rock sample with Φ10mm vertical hole which is somewhat
similar to that of the rock sample with Φ5mm vertical hole.
First, the rock sample presents pulling crack 1, and then
obvious shear crack 2 appears. Followed by this, the two
cracks connect with each other and form into a Y-shaped
crack. At the same time, pulling crack 3 comes out. With the
continuous enlarging of stress, the Y-shaped crack and
pulling crack 3, respectively, extend toward the top and
bottom of the rock, accompanied with significant peeling of
the partial sample piece. +e rock failure is mainly caused by
the Y-shaped crack extending to the bottom of the rock,
compared with that of the rock sample with Φ5mm vertical
hole. Figure 6(d) illustrates the crack failure pattern of the
rock sample with Φ15mm vertical hole which is different
from that of the rock samples with Φ5mm and Φ10mm
vertical holes. +e initial crack is backward crack 1 that
appeared at the right lower part of the rock sample followed
by the peeling of a large piece of rock, which seriously affects
the stability of the rock sample. Later, large tensile crack 2
appears, and crack 1 extends upward, accompanied with the
derivation of several small cracks around it.

With the peeling of broken rock pieces, crack 1 extends
to the extent paralleling with the initial end of tensile crack 2.
Accompanied with a drastic sound, shear crack 3 comes out
and directly extends to the bottom of the rock sample,
resulting in the N-shaped final crack failure. In combination
with the Y-shaped crack failures of rock samples with
Φ5mm and Φ10mm vertical holes, it is revealed that the
increase in hole diameter affects the expansion of the crack
and the final pattern of failure. Meanwhile, the rock sample
with different hole positions also shows completely different
crack expansion and failure pattern. +is implies that the
expansion in the hole position also has a great impact on
rock failure.

4. Dissipative Energy Analysis

4.1.-eories of Energy Conversion andDissipation of the Rock
in theLoadingProcess. In the loading process for the test, the
energy continually input into the rock by press was

converted into elastic energy and dissipated energy. In ideal
conditions, according to the first law of thermodynamics, the
total energy, elastic strain energy, and dissipated energy of a
rock under uniaxial loading should comply with the fol-
lowing relationship:

W � Ws − Wd. (1)

In the equation,W is the total energy input by the press,
in kJ/m3; Ws is the elastic strain energy accumulated inside
the coal sample, in kJ/m3;Wd is the energy dissipated in this
loading process, in kJ/m3.

+e total energy can be calculated as per the area
enclosed by the stress-strain curve, while the elastic strain
energy can be calculated as per the unloading area enclosed
by the stress-strain curve. +e relationship between the two
energies is illustrated in Figure 7.

+is figure shows the stress-strain curve of the rock in
the loading process. Ws

i represents the elastic strain en-
ergy, which can be calculated by using the area enclosed by
the curve; Wd

i represents the energy dissipated in the
loading process, which is irreversible and can be calcu-
lated by the difference between the total energy and elastic
strain energy; Ei is the elastic modulus. +is research is
mainly to study the conversion and dissipation of energy
in the rock at the loading peak. If the loading condition is
not available, Ei cannot be calculated. In this case, Ei can
be replaced with the elastic modulus E of the loading
curve.

Based on the above discussion, the total energy W and
elastic strain energy Ws of the rock under loading by uniaxial
compression can be calculated as per the following equation:

W � 􏽚 σdε � 􏽘
n−1

i�1
􏽚

εi+1

εi

σidε

� 􏽘
n−1

i�1

εi+1 − εi

2
σi+1 + σi( 􏼁,

Ws �
1
2
σi εi − εd( 􏼁

�
σ2i
2Ed
≈
σ2i
2E

.

(2)

In the equation, εi is the strain of the coal sample when
the stress is at σi; Ed is the elastic modulus of the unloading
stress-strain curve; E is the elastic modulus of the loading
curve; and εd is the strain unrecoverable after being unloaded
from σi to zero. +en, the dissipated energy Wd in the rock
loading process is

Wd � W − Ws. (3)

4.2. -e Impact of Different Hole Positions on the Energy
Conversion of the Rock in the Loading Process. According to
Figure 8, a comparison was made on the conversion of
elastic energy and dissipated energy in rocks with different
hole positions and the elastic energy conversion ratios of
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rock samples E05 and B05. +e results reveal that 79.68%
of the total energy input in rock B05 with the horizontal
hole is stored in the rock in the form of elastic energy,
while in rock E05 with the vertical hole, 90.19% of the total
energy is converted into elastic energy and stored in the
rock. +e greater the strength, the greater the deformation
and the more energy accumulation, which are roughly in

direct proportion. Hence, the failure of the rock with the
vertical hole is severer than that of the rock with the
horizontal hole of the same diameter, which can be

¦Òi

¦Åi

Wi
d

Wi
s

Ei = ¦Òi /¦Åi

Figure 7: +e relationship between elastic strain energy and
dissipated energy in the rock unit.

(a) (b)

(c) (d)

Figure 6: Failure patterns of the rock sample with different diameters of the vertical hole. (a) Failure pattern of the intact rock sample.
(b) Failure pattern of the rock sample withΦ5mm hole. (c) Failure pattern of the rock sample withΦ10mm hole. (d) Failure pattern of the
rock sample with Φ15mm hole.
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explained from the perspective of energy conversion
because the accumulation degree of elastic energy is di-
rectly proportional to the intensity of energy released and
the failure intensity. +e elastic energy conversion ratio of
rock C10 with the horizontal hole is smaller than that of
rock F10 with the vertical hole. +is indicates that the
horizontal hole has better pressure relief effect than the
vertical hole and explains from the energy conversion
point of view that the rock with the horizontal hole often
subjects to greater impact from the existence of the hole
than the rock with the vertical hole of the same diameter if
the mechanical properties inside the rock are affected by
the hole. Furthermore, the elastic energy conversion ratio
of rock D15 with the horizontal hole is slightly higher than
that of rock G15 with the vertical hole, which implies that,
for the rock with Φ15mm hole, there is no too large
difference between the impacts of different hole positions
on the rock failure. +erefore, from the perspective of
energy conversion, it is explained that when the hole
diameter is 15mm, there is no large difference between the
impacts of horizontal and vertical holes on the brittleness
and elastic modulus of the rock.

5. Experimental Study Based on
Acoustic Emission

5.1. -e Impact of Different Hole Diameters on the Acoustic
Emission Characteristics of the Rock Sample in the Process of
Loading. +e acoustic emission characteristics of rock
samples with the horizontal hole of different diameters are as
shown in Figure 9. Figure 9(a) shows the acoustic emission
frequency of an intact rock sample, which has larger acoustic
emission change characteristics than the rock sample with
the hole. +is is mainly because the crack and microhole in
the intact crack expand fully in the stress loading process,
resulting in large accumulation of energy in the rock. When
the internal crack is not fully developed, macrocrack ex-
pands toward the edge of the rock along the cracking di-
rection of the hole so that failure has appeared before the
internal crack is fully developed.

And this phenomenon is more and more obvious with
the increase in the hole diameter. At first, as shown in
Figure 9(b), the acoustic emission frequency is high when
the hole is of 5mm in diameter and becomes low when the
hole diameter is 10mm (Figure 9(c)). +is evolution law is
further verified when the hole is of 15mm in diameter as
displayed in Figure 9(d). +is also verifies the brittle failure
of the intact rock so that the accompanied acoustic emission
frequency is high. It is the existence of the hole that causes
pulling shear failure.

As a result, the hole diameter is directly proportional to
the pressure relief effect and inversely proportional to the
acoustic emission characteristics.

+e acoustic emission characteristics of rock samples
with the vertical hole of different diameters are as shown in
Figure 10.

Over a comparison with the acoustic emission frequency
of the intact rock sample (Figure 10(a)), it is acknowledged
that the vertical hole has a larger impact on the acoustic

emission characteristics of the rock, and the acoustic
emission characteristics vary greatly with the increase in hole
diameter.

At the beginning of loading, the acoustic emission
frequency is inversely proportional to the hole diameter,
mainly for the reason that the internal crack of the rock is
fully expanded with the increase in hole diameter. With
the continuous loading of axial stress, different precur-
sory information of acoustic emission, respectively,
appeared on rocks with Φ5mm hole (Figure 10(b)),
Φ10 mm hole (Figure 10(c)), and Φ15mm hole
(Figure 10(d)) at 210 s, 225 s, and 185 s. +e intact rock
sample has no obvious precursory information except for
the sudden increase in acoustic emission caused by stress
drop. Hence, in this phenomenon, it is the existence of
the vertical hole that caused the appearance of precursory
information of failure on the rock with the vertical hole.
When the stress loaded on the intact rock sample and
rock samples with Φ5mm hole, Φ10 mm hole, and
Φ15 mm hole, respectively, reaches 40%, 25%, 22%, and
12.5% of the peak stress, the rock samples enter the plastic
stage. In this stage, their acoustic emission signals are
greatly different, where the intact rock sample has the
strongest acoustic emission signal, followed by rock
samples with Φ5mm hole and Φ10mm hole, and this
signal of the rock sample with Φ15mm hole is the
weakest. However, when entering the subinstability
loading stage, this signal of the rock sample with Φ15mm
hole is the strongest, followed by that of rock samples
with Φ10mm hole, Φ5mm hole, and Φ0mm hole in turn.
+e main reason is that the larger the hole diameter is, the
more unavailable it is for the internal crack to fully ex-
pand so that the rock in the hole still has a certain bearing
capacity after failure after loading. +ereby, the bearing
capacity of the rock after the loading peak is directly
proportional to the hole diameter. It is for this reason
that, in the subinstability loading stage, the acoustic
emission signal is strong and severe.

Nevertheless, the acoustic emission evolution charac-
teristics of the rock samples with different diameters of holes
are similar. Such evolution characteristics are divided into 4
stages and analyzed in detail as follows:

(1) Compaction stage: in the initial compaction stage,
the acoustic emission signals of the rock sample are
scattered for the reason that the internal of the rock
sample is in the compaction period of the original
crack. In this stage, the acoustic emission signal is
relatively weak.

(2) Elastic stage: with the continuous increase in axial
stress, the original crack enters the elastic stage. In
this stage, the stress is in direct proportion to the
strain. +e acoustic emission signal appeared is weak
as the applied load is not enough to have the internal
crack of the rock sample expanded greatly. However,
compared with the previous stage, the acoustic
emission signal in this stage is apparently strong and
becomes significantly strong in the later period of the
elastic stage.
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Figure 9: Stress-time-acoustic emission information of the rock sample with the horizontal hole of different diameters. (a) Stress-N-time of
rock A00. (b) Stress-N-time of rock B05. (c) Stress-N-time of rock C10. (d) Stress-N-time of rock D10.
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Figure 10: Continued.
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(3) Plastic stage: after the original crack is compacted
again, new cracks appear in the rock sample under
the loading action so that the cracks expand, extrude,
and rub with each other and slip, accompanied with
the appearance of a large amount of macrocracks,
resulting in a large increase in the acoustic emission
frequency and energy.

5.2. Analysis of Acoustic Emission Characteristics of the Rock
Sample with Different Hole Positions. According to Fig-
ure 11, a detailed analysis was made on the impact of
different hole positions on the acoustic emission charac-
teristics of the rock sample. As discovered by comparing
the total acoustic emission signals of rock samples with
different hole positions, the total acoustic emission signal
of the rock sample with the vertical hole is stronger than
that of the rock sample with the horizontal hole. +is may
be mainly caused by the difference in the force direction on
the hole so that the internal crack of the rock sample with
the vertical hole expands better than that of the rock sample
with the horizontal hole. +e rock sample with the hori-
zontal hole and that with the vertical hole both undergo
four acoustic emission evolution stages but have greatly
different acoustic emission characteristics in the four
stages. In the initial loading stage, the acoustic emission
signal of the rock with the vertical hole is apparently
slightly stronger than that of the rock with the horizontal
hole. +is indicates that, in this stage, the internal crack of
the rock with the vertical hole is fully compacted, causing a
stronger acoustic emission signal than that of the rock with
the horizontal hole, since different positions of the hole are
subject to different forces. In the early elastic stage, the
position of the hole has little effect on the rock pattern on
the acoustic emission signal of the rock sample.

However, in the later elastic stage, the rock sample with
Φ10mm horizontal hole (Figure 11(c)) and that with
Φ15mm horizontal hole (Figure 11(e)) both undergo up-
rush of the acoustic emission signal. Meanwhile, the rock

sample with Φ10mm vertical hole (Figure 11(d)) and that
with Φ15mm vertical hole (Figure 11(f )) also undergo such
uprush, but for different reason. +e uprush of the rock
sample with the horizontal hole is mainly caused by stress
drop, indicating the instable state of the rock sample in this
stage, while that of the rock sample with the vertical hole is
mainly caused by the expansion of the internal crack. In
comparison, the rock sample with the vertical hole has begun
the continuous emission of acoustic signals in the later
elastic stage, while the acoustic emission signal of the rock
sample with the horizontal hole undergoes a small quiet
period after stress drop in the later elastic stage, followed by a
large amount of acoustic emission signals in the later plastic
stage. +is further verifies that the uprush of such signal in
the later elastic stage is caused by stress drop, and in the
elastic stage, the internal crack of the rock sample with the
vertical hole expands better than that of the rock sample with
the horizontal hole. According to the acoustic emission
frequencies of rock samples with different hole positions as
generally shown in Figure 11, the density of the rock with the
vertical hole is higher than that of the rock with the hori-
zontal hole and maintains this law in the residual strength
stage. +is demonstrates that different positions of holes are
subject to different force directions and thus have a large
impact on the acoustic emission characteristics of the rock
sample.

6. Characteristic Analysis of the Damage Model

6.1. Establishment and Derivation of the Damage Model.
As proved by a large number of experiments, acoustic
emission ringing frequency can well reflect the variation in
the property of a material and is directly proportional to the
expansion and evolution characteristics of the crack inside
the material. +erefore, acoustic emission ringing frequency
is selected as a characteristic parameter for description in
order to discuss the damage evolution law of sandstone. +e
damage variable is defined by the former Soviet researcher
L. M. Kachanov as
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Figure 10: Stress-time-acoustic emission information of the rock sample with the vertical hole of different diameters. (a) Stress-N-time of
rock A00. (b) Stress-N-time of rock E05. (c) Stress-N-time of rock F10. (d) Stress-N-time of rock G15.
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Figure 11: Stress-time-acoustic emission information of the rock sample with different hole positions. (a) Stress-N-time of rock B05.
(b) Stress-N-time of rock E05. (c) Stress-N-time of rock C10. (d) Stress-N-time of rock F10. (e) Stress-N-time of rock D15. (f ) Stress-N-time
of rock G15.
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D �
Ad

A
. (4)

In the equation, Ad is the damaged cross-sectional area
of the rock showing obvious crack under pressure; and A is
the undamaged cross-sectional area of the rock under stress
loading. Assuming that the cumulative ringing frequency in
the evolution process of the undamaged area A from a
complete state to a complete damage state is recorded as W0,
the acoustic emission ringing frequency of infinitesimal
damage of unit area is recorded as WC:

WC �
WO

A
. (5)

+erefore, when the damaged cross-sectional area rea-
ches Ad, the cumulative acoustic emission frequency Wd is
calculated as follows:

Wd � WCAd �
Wo

A
Ad,

D �
Wd

WO

.

(6)

+e initial damage can be defined by initial porosity, but in
the author’s opinion, it is more suitable to define the critical
point in the compaction stage as initial damage. +erefore, the
initial damage value is defined by proposing the critical stress
and stress intensity in the initial compaction stage:

DO �
σm

σc

. (7)

In the equation, DO is the initial damage value; σm is the
critical stress in the initial compaction stage; σc is the peak
strength of stress on the rock, which can be determined by
the stress-strain curve.

Due to different failure conditions of different rocks or
the insufficient hardness of the testing machine, it is a
common thing that the testing machine has stopped running
before the rock sample reaches a complete failure state

(namely, the damage does not reach 1). Hence, the critical
value of damage is defined as follows:

Dc � 1 −
σd

σc
. (8)

In the equation, Dc is the critical damage value; σd is the
residual strength.

According to the research results of Liu Baoxian et al.,
the initial damage and critical damage are unified in the
normalization method and then corrected, obtaining the
damage evolution equation including initial damage:

D � Dd + DC − DO( 􏼁
Wd

WO

. (9)

+ereby, the damage model based on acoustic emission
characteristics of the rock under uniaxial compression is

σ � (1 − D)Eε

� 1 − D0 − DC − D0( 􏼁
Wd

WO

􏼢 􏼣Eε.
(10)

Considering the length limit of the paper, only rock
samples D15 and G15 are used for an analysis here. Figure 12
simulates the damage evolution process by loading. As the
trends of damage relationship curves of the rock samples with
different hole positions and diameters are almost the same,
the damage evolution process of the rock sample with holes
can be roughly divided into 4 stages (Figure 12), which well
correspond to the four stages of the acoustic emission evo-
lution characteristics of the rock sample with holes.

6.2. Damage Mechanics Law of the Rock with Holes

(1) Initial damage stage: the damage value at this stage is
very low. Because initial compaction is in this stage,
the original cracks do not expand. With the
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Figure 12: Damage-stress-strain relationship of rock samples with Φ15mm hole at different positions. (a) Damage-stress-strain rela-
tionship of rock D15. (b) Damage-stress-strain relationship of rock G15.
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continuous increase of axial stress, only new tiny
cracks appear and expand in the rock so that there
are few acoustic emission events. And no obvious
crack can be seen from the corresponding rock
sample.

(2) Damage stabilization and increase stage: for rock
samples with the horizontal hole, there are obvious
cracks near the hole, while for rock samples with the
vertical hole, the cracks appear at the lower right of
the rock, and the microdamage tends to concentrate
locally, gradually concentrate at the failure part of the
rock, and evolve into macrocracks.

(3) Due to the mutual friction and collision of cracks in
the rock sample, the parameters of acoustic emission
in this stage undergo abnormal increase. At this time,
the rock sample is extremely unstable and undergoes
significant macrofailure and obviously fast crack
expansion regardless of the hole position.

7. Conclusion

(1) As revealed by comparing the stress-strain curves of
rock samples with different hole positions, the stages
on the stress-strain curve that the rock with the
vertical hole undergoes are all longer than those
underwent by the rock with the horizontal hole, and
the brittleness strength and the like mechanical
properties of the rock with the vertical hole are
higher than those of the rock with the horizontal
hole. +is indicates that the rock sample with the
vertical hole has higher bearing capacity and stability
than the rock sample with the horizontal hole of the
same diameter.

(2) As for the failure characteristics of the rock sample
with the horizontal hole, symmetric tensile cracks
firstly appear in the upper and lower part of the
hole, form into initial tensile failure, and finally turn
into shear failure. With respect to the failure
characteristics of the rock sample with the vertical
hole, the final N-shaped failure is formed from the
initial Y-shaped failure with the increase in hole
diameter. Compared with the failure pattern of the
intact rock sample, the final failure pattern and
crack expansion direction of the rock sample with
holes can be changed with different hole positions
and diameters.

(3) It is the existence of holes that changes the energy
conversion in the rock.+e hole diameter is inversely
proportional to the elastic energy stored in the rock
and directly proportional to the dissipated energy in
the rock. +e results of analysis on the energy
conversion of the rock with different hole positions
demonstrate that the elastic energy conversion ratio
of the rock with the vertical hole is higher than that of
the rock with the horizontal hole. Furthermore, an
explanation was made on the difference between the
failure processes of the two types of rocks from the
perspective of energy conversion.

Data Availability

All data, models, or codes generated or used during the study
are available in a repository or online in accordance with
funder data retention policies.

Conflicts of Interest

+e authors declare no conflicts of interest.

Authors’ Contributions

Xiao Fukun designed research and completed most of the
research work, followed by Li Renhe. Xing Le analyzed the
data. All authors reviewed the manuscript.

Acknowledgments

+is research was supported by the National Natural Science
Foundation of China (51774121 and 52074110), Innovative
Scientific Research Project for Postgraduates of Heilongjiang
University of Science and Technology (YJSCX2020-
103HKD), and Joint Guidance Project of the Natural Science
Foundation of Heilongjiang Province (LH2019E087 and
LH2019E119).

References

[1] S.-q. Yang, H.-w. Jing, and T. Xu, “Mechanical behavior and
failure analysis of brittle sandstone specimens containing
combined flaws under uniaxial compression,” Journal of
Central South University, vol. 21, no. 5, pp. 2059–2073, 2014.

[2] Metallurgical Industry Press, Rock Failure Principle and Ap-
plication, Metallurgical Industry Press, Beijing, China, 1994,
in Chinese.

[3] E. Z. Lajtai and V. N. Lajtai, “+e collapse of cavities,” In-
ternational Journal of Rock Mechanics and Mining Science &
Geomechanics Abstracts, vol. 12, no. 4, pp. 81–86, 1975.

[4] E. Z. Lajtai, “Shear strength of weakness planes in rock,”
International Journal of RockMechanics andMining Science &
Geomechanics Abstracts, vol. 6, no. 5, pp. 499–515, 1969.

[5] S. Yang, C. Lv, and T. Qu, “Investigations of crack expansion
in marble having a single pre-existing hole: experiment and
simulations,” Journal of China University of Mining &
Technology, vol. 38, no. 6, 2009, in Chinese.

[6] L. Cheng, S. Yang, and X. Liu, “Experimental and numerial
investigation on crack expansion of sandstone containing
flaws,” Journal of Mining & Safety Engineering, vol. 29, no. 5,
pp. 719–724, 2012, in Chinese.

[7] S. Yang, X. Liu, and Y. Li, “Experimental analysis of me-
chanical behavior of sandstone containing hole and fissure
under uniaxial compression,” Chinese Journal of Rock Me-
chanics and Engineering, vol. 31, no. 2, pp. 3539–3546, 2012, in
Chinese.

[8] D. Li, T. Cheng, T. Zhou et al., “Experimental study of the
dynamic strength and fracturing characteristics of marble
specimens with a single hole under impact loading,” Chinese
Journal of Rock Mechanics and Engineering, vol. 34, no. 2,
pp. 249–260, 2015, in Chinese.

[9] R. Peng, H. Xie, J. Yang et al., “Effect of elastic accumulation
energy of testing machine on the mechanical measurement of
rocks,” Mechanics in Engineering, vol. 27, no. 3, pp. 51–55,
2005, in Chinese.

Advances in Civil Engineering 13



[10] C. Tang and X. Xu, “Evolution and propagation of material
defects and Kaiser effect function,” Journal of Seismological
Research, vol. 13, no. 2, pp. 203–313, 1990.

[11] B. Liu, J. Huang, Z. Wang et al., “Study on damage evolution
and acoustic emission character of coal-rock under uniaxial
compression,” Chinese Journal of Rock Mechanics and Engi-
neering, vol. 28, no. S1, pp. 3234–3238, 2009, in Chinese.

[12] Y. Li, L. Chen, and Y. Wang, “Experimental research on pre-
cracked marble under compression,” International Journal of
Solids and Structures, vol. 42, no. 9, pp. 2505–2516, 2005.

[13] X.-d. Zhao, H.-x. Zhang, and W.-c. Zhu, “Fracture evolution
around pre-existing cylindrical cavities in brittle rocks under
uniaxial compression,” Transactions of Nonferrous Metals
Society of China, vol. 24, no. 3, pp. 806–815, 2014.

[14] S.-Q. Yang and H.-W. Jing, “Strength failure and crack co-
alescence behavior of brittle sandstone samples containing a
single fissure under uniaxial compression,” International
Journal of Fracture, vol. 168, no. 2, pp. 227–250, 2011.

[15] H. Yankui and X. Nie, “Analysis of mechanical and acoustic
emission characteristics of hole-fracture defective rocks,”
Geological Survey of China, vol. 6, no. 3, pp. 63–67, 2019, in
Chinese.

[16] G.-l. Feng, B.-r. Chen, Q. Jiang, Y.-x. Xiao, W.-j. Niu, and
P.-x. Li, “Excavation-induced microseismicity and rockburst
occurrence: s,” vol. 28, no. 2, pp. 582–594, Journal of Central
South University, 2021.

[17] G.-L. Feng, X.-T. Feng, B.-r. Chen, Y.-X. Xiao, and Y. Yu, “A
microseismic method for dynamic warning of rockburst
development processes in tunnels,” Rock Mechanics and Rock
Engineering, vol. 48, no. 5, pp. 2061–2076, 2015.

14 Advances in Civil Engineering



Research Article
Techniques for Progressive Failure Simulation of Hard Brittle
Surrounding Rockmass: Taking the URL Test Tunnel as
an Example

Daning Zhong ,1 Jianlin Chen,1 Hui Zhou,2 Xiangrong Chen,1 Yali Jiang,1 Liangquan Li,1

and Jun Chen1

1PowerChina Huadong Engineering Corporation, Hangzhou 310014, China
2State Key Laboratory of Geomechanics and Geotechnical Engineering, Institute of Rock and Soil Mechanics,
Chinese Academy of Sciences, Wuhan 430071, China

Correspondence should be addressed to Daning Zhong; zhong_dn@hdec.com

Received 9 July 2021; Accepted 16 August 2021; Published 25 August 2021

Academic Editor: Wei-yao Guo

Copyright © 2021 Daning Zhong et al.*is is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Accurate simulation of the failure process of hard brittle surrounding rockmass is very important for the analysis and control of
the structural stability in deep underground engineering. In order to simulate the progressive failure process of the hard brittle
surrounding rockmass, a continuous discontinuous deformation analysis method that couples the finite element and discrete
element is adopted. Taking the URL test tunnel in Canada as an engineering case, the constitutivemodel of the contact considering
the effects of cohesion weakening and friction strengthening is applied, and the 2D approximation to 3D excavation by applying
elastic modulus reduction technology is adopted to simulate the range and depth of crack growth of the surrounding rockmass.
*en, the comparison between simulated results and on-site monitoring results is performed, which shows good consistency. At
the same time, the key factors in the numerical simulation of progressive failure in hard brittle rockmass are identified, including
the number of elements, excavation effects, and constitutive models. *e results show that the constitutive model determines the
basic form of crack propagation, but in order to accurately simulate the progressive propagation of cracks, the number of elements
must be sufficient enough and the effects of 3D excavation must be considered. *e analysis accurately simulates the progressive
failure characteristics of hard brittle surrounding rockmass under high stress, achieving the purpose of reasonably grasping the
degree of damage to the surrounding rockmass, and provides technical reference and support on how to accurately simulate the
failure of hard brittle surrounding rockmass using the finite discrete element method.

1. Introduction

Under the conditions of deep burial and high stress, the hard
brittle rockmass exhibits completely different mechanical
behaviors from those under shallow burial and low stress.
Spalling and rock burst are the main failure modes of this
type of rockmass. Studies have shown that, during the ex-
cavation of deep buried tunnels, the stress of surrounding
rockmass redistributes and small cracks appear around the
tunnel. *ese cracks continue to expand and penetrate each
other under the action of external forces and eventually
cause part of the rockmass to separate from the matrix
rockmass, forming an excavation damage zone [1]. Tracking

this process is helpful to understand the failure mechanism
of hard brittle rockmass, so as to formulate corresponding
control measures.

In recent years, numerical simulation technology has
developed rapidly. When on-site monitoring or in-site
observation is insufficient, numerical simulation methods
can effectively track the failure process of surrounding
rockmass. *e methods are mainly divided into the con-
tinuous analysis method and discontinuous analysis
method. For the failure mode and mechanism study of hard
brittle rockmass under high stress, the most representative
one is related work carried out by the URL test tunnel of
Atomic Energy Canada Limited (AECL). *e V-shaped
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spalling zone formed during the excavation process is a
typical brittle failure of surrounding rockmass under high
stress. Martin [2, 3] studied the deformation and failure
mechanism of granite through conventional indoor triaxial
loading and unloading tests. On the basis of Martin’s test,
Hajiabdolmajid et al. [4, 5] put forward the CWFS (cohesion
weakening and friction strengthening) constitutive model by
deeply analyzing the evolution law of strength parameters of
the rockmass with damage development. *is constitutive
model can well describe the brittle failure behavior of
granite, and the V-shaped spalling zone is well reproduced
through numerical simulation. Diederichs et al. [6, 7]
proposed the DISL (damage initiation and spalling limit)
model based on the Hoek–Brown constitutive model and
also reproduced the formation of the V-shaped failure zone.
Many scholars have also made many contributions in
simulating hard brittle rock cracking with discontinuous
analysis methods such as PFC3D [8–10] and UDEC [11–13],
not elaborated one by one here.

In actual situations, we not only focus on the continuous
and discontinuous mechanical properties of geological
bodies but also often need to obtain the temporal and spatial
transition process from the continuous state to discontin-
uous state. In order to solve this problem, the finite discrete
element method that combines continuous and discontin-
uous analysis methods has been gradually developed to
simulate the complex interactive failure process of deformed
bodies [14–17]. At present, the method has been successfully
used in the simulation of slopes [18, 19], tunnels [20–23], etc.
Among them, Vazaios et al. [23] used the self-developed
program to realize the progressive failure of the URL test
tunnel and compared it with calculated results of the con-
tinuous analysis method. In addition, some scholars have
combined extended finite element and discrete element [24],
peridynamics, and finite element [25–27] for similar re-
search, and the essence is also the coupling of the finite
element method and other failure analysis method.

In this paper, the continuum-discontinuum numerical
analysis method CDEM is used and the URL test tunnel is
taken as an example to analyze the fracture response of the
surrounding rockmass and to compare it with on-site
monitoring, focusing on the progressive propagation of
cracks. In the calculation process, the key effects of number
of elements, excavation effects, and constitutive model on
simulating crack formation are analyzed, which provide
reference on how to correctly simulate the crack propagation
of hard and brittle rockmass under high stress.

2. Overview of the URL Test Tunnel

2.1. Rock Characteristics and Mechanical Properties. *e
URL test tunnel of Canadian Atomic Energy Limited
(ACEL) is located about 120 kilometers northeast of Win-
nipeg, Manitoba, Canada. *e lithology is Lac du Bonnet
granite.*e circularMine_by test tunnel is located at a depth
of 420m, which was built in 1989 to study the failure process
induced by excavation disturbance and the progressive
failure process of surrounding rockmass under high stress.
*e granite near this depth can be classified as hard, massive,

and brittle rockmass, which can be assumed to be
homogeneous and isotropic. According to indoor test re-
sults, the mechanical parameters of surrounding rockmass
are shown in Table 1, which will be used to simulate the
failure process of the circular test tunnel.

2.2. Failure Characteristics. *e circular test tunnel has a
length of 46m and a diameter of 3.5m. It is excavated by the
technology of nonblasting hydraulic rock cracking. *e
excavation footage is 1m. *e axis of the tunnel is ap-
proximately parallel to the direction of the intermediate
principal stress, making the ratio of the maximum principal
stress to the minimum principal stress as the largest in the
plane perpendicular to the tunnel axis, which is beneficial to
promote the failure of the rockmass. *e displacement,
strain, and acoustic emission/microseismic (AE/MS) of the
surrounding rockmass are monitored by advanced instru-
ments and equipment.

During the excavation process, flake damage can be
observed at the top and bottom of the test tunnel. With the
advancement of the tunnel face, the damage develops ra-
dially. *e spalling process mainly occurs in the range of
about 2 times advancing diameters, and finally, a V-shaped
notch is formed. *e radial depth of the damage zone
(measured from the center of the tunnel) is generally 1.3 to
1.5 times the tunnel radius, that is, the depth of the damage
zone is between 525mm and 875mm, and the range angle is
about 70 degrees, as shown in Figure 1.

According to the description of the failure area of the
surrounding rockmass by Read [28], the damage is mainly
concentrated in the notch area, that is to say, the rockmass
outside the notch basically has no serious defects. *is is
because the progressive damage of the rockmass at the
tunnel boundary will lead to spalling and then form a
damage zone. With the gradual occurrence of spalling, due
to the accumulation of constraints and the restriction of the
end of the notch to the rockmass, no more plastic strain or
damage will occur in the notch area, and the tunnel will
gradually stabilize.

3. Finite Discrete Element Simulation

In order to obtain a better simulation consistent with on-site
monitoring, multiple trial and error calculations have been
repeated. *e paper is introduced based on the final cal-
culations, and then, the effects of some factors such as the
number of elements, excavation effects, and constitutive
models are discussed, which provides suggestions and di-
rections for simulating the progressive failure of hard brittle
surrounding rockmass using the finite discrete element
method.

3.1. Method Introduction. *e GDEM stress analysis system
[29] is a high-performance finite element-discrete element
calculation software based on CDEM (continuum dis-
continuum element method). *is method couples the finite
element and discrete element, performs finite element cal-
culation inside the block, and performs discrete element
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calculation at the block and element interface. By intro-
ducing a breakable one-dimensional spring, as shown in
Figure 2, and through the rupture of the block interior and
the element interface, it cannot only simulate the defor-
mation and movement characteristics of the material in
continuous and discontinuous state but also realize the
simulation of the progressive failure process of the material
from continuous to discontinuous.

*e explicit iterative calculations are adopted based
on the time-history-based dynamic relaxation technol-
ogy in CDEM. *erefore, the stress of elements and
spring force of nodes at each time step can be obtained,
and the strength judgment can be made according to the
rupture criterion. *e basic iterative process is shown in
Figure 3.

3.2. Model Description

3.2.1. Geometric Model. Referring to the paper by Vazaios
et al. [23], the software Gmsh is adopted to obtain a two-
dimensional random mesh. In order to eliminate the
boundary effects, the simulation range is about 17 times the

excavation diameter, with the section size 60m× 60m. *e
model is divided into four regions, as shown in Figure 4.
Among them, region 1 is the circular tunnel to be excavated,

R = 1.75 m

MS Events
AE Events

Figure 1: On-site monitoring results of the URL test tunnel [23].

block1
block2

block3

interface3

interface1 interface2

Figure 2: Blocks and interfaces in CDEM.

Table 1: Relevant physical and mechanical parameters of Lac du Bonnet granite [23].

*e type of rock Parameters Values

LdB granite

Compressive strength of intact rock σci (MPa) 224
Tensile strength of intact rock σti (MPa) 10

Hoek–Brown constant mi 28.11
Geological strength index GSI 90

Internal friction angle φ° 48
Cohesion c (MPa) 25

Elastic modulus E (GPa) 60
Poisson’s ratio ] 0.2

Compressive strength of rockmass σcm (MPa) 128
Tensile strength of rockmass σtm (MPa) 3.7
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the element size of which transitions from 0.5m to 0.03m.
Region 2 is the square area adjacent to the circular tunnel
where cracks first appear during the excavation process. So,
the element size should be small enough. *e area range is
14m× 14m, and the element size is 0.03m. Due to the large
range of the entire model, in order to avoid the loss of

computational efficiency caused by too many elements, two
transition regions are specially set. Among them, the range
of region 3 is 25m× 25m, and the element size varies from
0.03m to 1.5m.*e range of region 4 is 60m× 60m, and the
element size varies from 1.5m to 2.5m. *e total number of
elements is 574,828.

beginning

nodel acceleration

nodel velocity

nodel displacement 
increment

set condition and calculate

element configuration update

element deformation force interface contact force

contact status update

static: unbalanced ratio
dynamic: set time

if reach the
set value

or not
finish

interface constitutiveelement constitutive

yes

no

nodel displacement

damping force

damping
equation

Figure 3: *e basic iterative process of CDEM.

2

3

4

1

Figure 4: *e geometric model of the URL test tunnel.
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3.2.2. Boundary Conditions and Geostress. *e boundary
conditions of the model include displacement boundary
conditions and stress boundary conditions. *e measured in
situ stress results show that the maximum principal stress in
this area is 60MPa, the intermediate principal stress is
45MPa, the minimum principal stress is 11MPa, the
maximum stress ratio of which reaches 6 :1. Considering the
directions and converting the geostress from the principal
stress space to the Cartesian space, the magnitudes of the
normal stress and shear stress are shown in Table 2.

And, because the tunnel is deeply buried, the gravity-
induced stress is not considered. Regarding the far-field
boundary conditions, the displacement is fixed at the bottom
of the model, and the corresponding normal stress and shear
stress are applied to the upper surface and the left and right
sides, respectively.

3.2.3. Constitutive Model. In the traditional continuous
analysis method, in order to consider the reduction of the
postpeak strength of the rockmass, the strain softening
model and the CWFS model are commonly used. Among
them, the strain softening model claims that both the co-
hesive force and frictional strength constitute its peak
strength before plastic deformation occurs, and then, both
begin to lose at the same time and gradually decrease as the
strain increases. *e CWFS model believes that only the
cohesion of the rockmass plays a role at the initial moment,
and the cohesion gradually decreases as the damage de-
velops, and then, the friction strength begins to play a role
and gradually increases as the damage develops. Hajiab-
dolmajid et al. [4, 5], Wu [30], and Liu [31] reproduced the
V-shaped damage of the URL test tunnel based on the CWFS
method, verifying the significance of friction strength
strengthening in the postpeak stage.

Inspired by CWFS in continuum, this feature of rock-
mass is transplanted to the interface of discontinuous ele-
ments. *e elastic constitutive model is adopted inside the
element, and the input parameters include density, elastic
modulus, and Poisson’s ratio. *e fracture energy model is
used on the element interface, and the input parameters
include normal stiffness, tangential stiffness, cohesion, in-
ternal friction angle, tensile strength, tensile fracture energy,
and shear fracture energy. *e incremental relationship of
the elastic constitutive model is

Δσij � K −
2
3

G􏼒 􏼓Δθδij + 2GΔεij, (1)

where Δσij and Δεij are the average stress increment and
strain increment, Δθ is the volumetric strain increment, and
K and G are the bulk modulus and shear modulus of the
material, respectively.

*e fracture energy model is essentially the maximum
tensile stress model and the M-C model, both of which
consider a linear softening effect of the tensile strength and
shear strength, respectively. *e incremental method is used
to calculate the normal and tangential force of the next step
on the interface:

Fn t1( 􏼁 � Fn t0( 􏼁 − Kn × Δdn,

Fs t1( 􏼁 � Fs t0( 􏼁 − Ks × Δds,
􏼨 (2)

where Fn and Fsare the normal and tangential force, Kn and
Ksare the normal stiffness and tangential stiffness, which are
obtained by inheriting form the element stiffness, and Δdn

and Δds are the relative displacement increments in normal
and tangential directions. *en, following formula (3) is
used to judge the tensile failure, and the normal force is
corrected.*at is, the tensile strength linearly weakens when
the normal force exceeds the tensile strength:

if , −Fn t1( 􏼁≥ σt t0( 􏼁A,

Fn t1( 􏼁 � −σt t0( 􏼁A, σt t1( 􏼁 � −
σ20
2Gt

dn + σ0,

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(3)

where σ0, σt(t0), and σt(t1) are the tensile strength of the
interface at the initial time, this time, and the next time
respectively, dn is the normal relative displacement on the
interface at this time, Gt is the tensile fracture energy, and A

is the area of the interface.
At the same time, formula (4) is used to judge the shear

failure and tangential force is corrected. *at is, the shear
strength linearly weakens when the tangential force exceeds
the shear strength:

if , Fs t1( 􏼁≥Fn t1( 􏼁tan φ + c t0( 􏼁A,

Fs t1( 􏼁 � Fn t1( 􏼁tan φ + c t0( 􏼁A, c t1( 􏼁 � −
c
2
0

2Gs

ds + c0,

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(4)

where c0, c(t0), and c(t1) are the cohesion of the interface at
the initial time, this time, and the next time, respectively, ds

is the tangential relative displacement on the interface at this
time, and Gt is the shear fracture energy.

Table 2: *e stress component used in numerical simulation.

Stress component Values (MPa)
σxx −58
σyy −13
τxy −9.2

Advances in Civil Engineering 5



In the fracture energy model, the shear strength is
composed of both cohesive force and frictional strength. In
order to simulate the effects of CWFS, a small friction
strength is given at the initial moment. At this time, the
friction strength contributes little to the shear strength.
*en, when the shear failure criterion is reached, the co-
hesion starts to lose gradually. At this time, the friction
strength of the interface is set to increase by 10 times. *us,
the goal of cohesive weakening and friction strengthening is
reached.

3.2.4. Calculation Steps. *e first step is to calculate the
initial geostress field of the model under the given boundary
conditions, 832,800 steps were performed, and the initial
result was saved for the following calculation. *e next step
is to simulate the excavation of the test tunnel, but how to
simulate the three-dimensional effect with the two-dimen-
sional model is a very important question. Because the
tunnel is generally excavated in stages, the resistance of the
surrounding rockmass and the excavation boundary are
formed gradually not instantaneously. While in the two-
dimensional model, excavation is simulated by emptying the
tunnel elements, which means that the tunnel is excavated
completely at the same time, resulting in a significant
difference from the real situation. So, some measures should
be taken to try to eliminate such excavation effects.
Vlachopoulos and Diederichs [32] introduced four methods
of using two-dimensional analysis to approximate three-
dimensional tunnel excavation behavior, as shown
in Figure 5. Curran et al. [33] specifically introduced the
fourth method, that is, the face replacement method in the
support designing in weak rocks. In short, the progressive
excavation process is simulated by setting the elastic
modulus of the to-be-excavated part to decrease gradually.
*e face replacement method, (d) in Figure 5, will be used in
this paper.

In this paper, the specific performed process is as follows.
After the initial elastic calculation is completed, the elastic
modulus of the to-be-excavated area will be reduced, with
other parameters keeping unchanged. And, the parameters
of other areas also remain unchanged; then, 5000 steps are
performed to achieve a temporary balance. Repeat the
process 5 times until the 3D excavation behavior is almost
approximated. *e specific settings of elastic modulus are
shown in Table 3. *en, the excavation process is performed
by emptying the tunnel elements, and 3000 steps are
performed to observe the crack growth.

3.2.5. Input Parameters. Due to the lack of experience in the
simulation of crack propagation during tunnel excavation, it
is difficult to directly solve the problem using the discon-
tinuous analysis method, and the debugging process takes a
lot of time. *erefore, the strategy we adopted is to first
obtain good results in the category of continuum, then
migrate to discontinuous analysis by considering contact
elements, and obtain the final result through continuous test
calculations.

In the continuous analysis, the strain softening model is
adopted. *e material parameters adopted are the same with
Table 1. *e goal is to make the failure state of the sur-
rounding rockmass coincide with the on-site monitoring
results. *e software Gmsh is used for meshing, and the
model region is the same with Figure 4, but the number of
elements is 58336. By adjusting the value of tensile strength
and dilatancy angle, the results of several schemes are shown
in Figure 6. It is indicated that the increase in tensile strength
can significantly reduce the number of elements in the
tensile failure, and the increase in the dilatancy angle can
make the V-shaped notch failure more obvious, and the
range and depth of the damage zone are enlarged.

In the end, it is confirmed that the tensile strength of the
surrounding rockmass is 10MPa and the dilatancy angle is
30 degrees, which will be used in following calculations. *e
final input parameters in the model are shown in Table 4.

4. Simulated Brittle Response

4.1. Simulated Initial Stress Field. Firstly, the geostress field
after calculating 832,800 steps is given in Figure 7, taking the
first principal stress for example. As shown in the legend, the
calculated stress of the whole model is between 53MPa and
62MPa, which is almost consistent with the nominal value
60MPa.*e direction of the first principal stress is indicated
by the short red line, coinciding with the true direction of the
first principal stress. *e inclination angle is about 11
degrees. *e accurate simulation of the geostress field
guarantees the subsequent excavation calculation to be
performed successfully.

4.2. Simulated Brittle Failure. After the 3D excavation
approximation by repeating the elastic modulus reduction 5
times, the tunnel elements were removed completely, and
the evolution process of the cracks of the rockmass is shown
in Figure 8. Picture (a) shows the crack state at step 857,900
when there are only small cracks on the top and bottom of
the tunnel. Picture (b) shows the crack state at step 858,000.
At this time, the range of cracks at the top and bottom
expands a little. And, at the same time, small tensile cracks
appear in the vertical direction on the left and right sides of
the tunnel. Picture (c) shows the crack state at step 858,900.
*e cracks at the top and bottom gradually extend to the
deep part of the tunnel, and the tensile cracks on both sides
also extend to the depth of the surrounding rockmass. *e
area of the tensile cracks has not expanded, being still a long
and thin crack. Besides, at this time, the prototype of
V-shaped failure has been basically formed. Pictures (d)∼(f )
show the crack state at 859,400 steps, 859,900 steps, and
860900 steps separately. During these three stages, the cracks
at the top and bottom expand to the depth further, the form
of the V-shaped failure is more obvious, and the tensile
cracks on both sides do not expand in a large area. After
calculating 3000 steps, the crack growth has reached a
relatively stable state.

*e comparison between the failure state of the sur-
rounding rockmass and the on-site monitoring results, when
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the crack no longer continues to grow, is further performed,
as shown in Figure 9. *e orientation of the top and bottom
cracks is perpendicular to the direction of the first principal
stress, and the direction of tensile cracks on both sides
coincides with the first principal stress. After measurement,
the range and depth of the V-shaped notch are in good
agreement with the on-site monitoring results. *e angle of
the damage zone measured from the center of the tunnel is
about 70 degrees. *e depth of the relatively broken zone at
the top is about 0.3 times the diameter, and the total depth of
the cracks is about 0.5 times the diameter. *e damage range
and depth at the bottom of the tunnel in numerical cal-
culation are similar to those obtained at the top. But in on-
site monitoring, the actual damage zone measured at the
bottom of the tunnel is smaller than the calculated value.
*ere are probably two reasons, one is that the surrounding
rockmass at the top falls off and may cover the ground; the
other is that, under the combined function of self-weight

stress and tectonic stress, the crack at the bottom is actually
weaker than that at the top. But in the calculation, self-
weight stress is ignored but symmetrical stress is adopted so
that the same calculated results at the top and bottom are
obtained.

In addition, compare the acoustic emission signals and
the microseismic location around the tunnel with the crack
propagation, as shown in Figure 9. It can be seen that, within
the area where cracks appear, relatively dense acoustic
emission signals and microseismic signals have been
monitored, indicating that there is indeed crack appearing
and energy releasing, which confirmed the correctness of the
calculation results once again.

5. Key Factors Identification

*is section mainly focuses on the key factors in accurately
simulating the progressive propagation of cracks, which are
all concluded from numbers of trials.

5.1. Effects of Number of Elements. Generally speaking, the
element size has a great influence on numerical simulations
[34]. In this calculation, the mesh andmaterial parameters of
the continuous model are used, and the contact is applied to
the boundary of the elements to carry out continuous
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Figure 5: Four strategies used in 2D analysis to approximate the 3D excavation behavior [32].

Table 3: *e settings of the elastic modulus to simulate the ex-
cavation process.

*e stages of simulated excavation 1 2 3 4 5
Elastic modulus (GPa) 50 30 20 10 4
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discontinuous simulation. *e constitutive model of the
contact element adopts cohesion weakening and friction
strengthening, and the excavation approximation by elastic
modulus weakening is considered. *erefore, compared
with the final calculation scheme, there is no other variable
but the number of elements.

*e crack propagation process during 3000 calculation
steps is shown in Figure 10, and three results at corre-
sponding steps are chosen and analyzed. Compared with
Figure 8, the location of the cracks around the tunnel is
roughly right, but the range and depth of cracks extendmore
widely and deep, especially on the top and bottom. *e
cracks extend a long distance to both sides, and the V-shaped
notch on the top is not completely formed. It can be inferred
that more elements are needed to obtain ideal simulation
effects.

5.2. Effects of ExcavationMethod. It can be seen from Section
5.1 that when there are not enough elements, the range and
depth of the cracks expand widely although the crack lo-
cation is roughly the same. *e number of elements should
be adjusted. At the same time, referring to the literature of
Vazaios [23], the number of elements is finally added to
574828. *e constitutive model of the contact considers
cohesion weakening and friction strengthening, and the
excavation effect is not considered but direct excavation is
used for this calculation. In this way, compared with the final
model, the only variable is the excavation method.

*e crack propagation process during 3000 calculation
steps is shown in Figure 11. Compared with Figure 8,
cracks first appeared in the four corners of the tunnel
instead of the top of the tunnel. As the calculation
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Figure 6: *e failure state of several schemes under different dilatancy angles: (a) tensile strength is 3.7MPa; (b) tensile strength is 10MPa
(0-no failure; 1-tensile failure now; 2-shear failure now; 4-tensile failure past; 8-shear failure past).

Table 4: Finalized input parameters of Lac du Bonnet granite in
GDEM.

Parameters Values
Elastic modulus E (GPa) 60
Poisson’s ratio ] 0.2
Cohesion c (MPa) 50
Tensile strength of intact rock σti (MPa) 10
Internal friction angle at initial time φ° 5
Internal friction angle after failure φ° 50
Dilatancy angle ψ° 30
Tensile fracture energy (Pa m) 50
Shear fracture energy (Pa m) 500

PrinMin

-5.3E+07

-5.4E+07

-5.5E+07

-5.6E+07

-5.7E+07

-5.8E+07

-5.9E+07

-6E+07

-6.1E+07

-6.2E+07

11
60

Figure 7: First principal stress after the initial elastic calculation.
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progressed, cracks began to appear on the top and bottom,
but the cracks in the four corners still exist and get widely.
When the crack propagation is almost in the stable state,
the V-shaped notch has been roughly formed. At this

time, the cracks on the top and bottom intersect with the
cracks in the four corners. Compared with Figure 10, the
increase of elements restricts the cracks from propagating
farther and deeper, but new problems have appeared due

857900
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858000

(b)

858900

(c)

859400

(d)

859900

(e)

860900

(f )

Figure 8: *e schematic diagram of fracture evolution during excavation.
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Figure 9: Comparison between simulated and observed results.
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to ignoring the excavation effects, which need to be
further optimized and solved.

5.3. Effects ofConstitutiveModel. Finally, the influence of the
constitutive model is compared. *e material parameters
used is obtained from the continuous analysis in Section 5.1.
*e number of elements is 573288, and the constitutive
model of the contact element does not consider cohesion

weakening and friction strengthening, but the excavation
effect is considered. *e only variable compared with the
final model is the constitutive model.

*e crack propagation process during 3000 calcula-
tion steps is shown in Figure 12. Compared with Figure 8,
cracks initially appeared on the top and bottom of the
tunnel. As the calculation progresses, the range of the
cracks at the top and bottom expands rapidly and expands

857900

(a)

858900

(b)

860900

(c)

Figure 10: *e simulated crack propagation process in studying size effects.
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858900
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Figure 11: *e simulated crack propagation process in studying excavation effects.
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Figure 12: *e simulated crack propagation process in studying the constitutive model.
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deeper and farther. After 3000 steps is finished, the crack
expanding is still continuing, and the range is further
expanded. Until this time, no V-shaped notch was formed
on the roof of the tunnel and the cracks look messy. *e
reason could be that when the stress state of the element
reaches the rupture criterion, the cohesive force begins to
decrease, but the friction strength does not increase,
resulting in the load-bearing capacity of the element not
meeting the requirements; then, the rapid crack propa-
gation happens. *erefore, choosing a reasonable con-
stitutive model is very critical.

6. Conclusions

*e brittle failure of hard brittle surrounding rockmass
has always been a problem in engineering and academia.
*e coupling analysis method of the finite discrete ele-
ment has therefore been developed rapidly, but how to
accurately simulate the progressive propagation of cracks
still needs to be studied in depth. In this paper, the URL
test tunnel in Canada is taken as an example, the number
of elements, excavation effects, and constitutive models
are discussed through continuous adjustment of models
and trial calculations, and finally, the result that is in good
agreement with the on-site monitoring is obtained, and
the following are summarized in conclusion:

(1) *e constitutive model of the contact element is
the key factor that determines the basic form of
crack propagation, which is generally obtained
through laboratory tests. *is paper draws on the
experience summarized by the predecessors, ap-
plies the model considering cohesion weakening
and friction strengthening to the contact, and
achieves good results.

(2) When dealing with crack propagation of hard brittle
rockmass, the number of elements must be sufficient
enough. Due to the element boundary being the
contact surface, more elements can make the ex-
pansion of the stress path more accurate.

(3) When using two-dimensional simulation to ap-
proximate three-dimensional excavation, the actual
excavation method must be considered. *en, cer-
tain measures must be taken to simulate the real
excavation situation as much as possible.

In addition, in this paper, the URL test tunnel is
specified. When migrating to other similar projects with
hard brittle rockmass, such experience can be copied, but
it should be adjusted according to the specific situation.
For example, the constitutive equation changes with
different kinds of rocks or other methods need to be used
to approximate the three-dimensional excavation effects.
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0is paper proposes a simplified method to analyze the bearing behavior of pile undergoing cyclic lateral load. Firstly, a modified
strain model is proposed by utilizing the Duncan–Chang model to describe the stress-strain behavior of soils in the strain wedge.
0en, a cyclic degradation model of soft clay considering the accumulation of plastic strain and pore water pressure is presented
based on the cyclic triaxial test. Combining with the modified strain wedge model and degradation model of soil, a simplified
method is established for the cyclic laterally loaded pile. 0e accuracy of the present method is verified by comparing it with
existing model tests. 0e results show that the pile lateral displacement and strain wedge depth increase with the number of cycles
and cyclic load amplitude. It is necessary to consider the effect of cumulative pore water pressure during the analysis of cyclic
laterally loaded pile embedded in soft clay.

1. Introduction

Piles supporting offshore engineering structures are mainly
subjected to cyclic lateral loads, such as wind, waves, and
currents, which may cause large lateral displacements of pile
body and attenuation of bearing capacity. 0e major reason
for these phenomena is that the soil strength would be
degraded due to the accumulation of plastic strain caused by
cyclic loads [1]. Many precious approaches have been
proposed to investigate the bearing behavior of pile under
cyclic lateral loads, including simplified p-y curve methods
[2–4] and finite element methods [5–8]. 0e mentioned
simplified p-y methods consider soil degradation by scaling
down the ultimate lateral resistance of soil or the stiffness of
p-y curve. However, these p-y curve methods may not be
applicable to offshore piles under cyclic loads with a large
number of cycles, for they are mainly proposed based on the
lateral loading tests of small-diameter pile under small cycle
numbers, without directly considering the effect of cyclic
loading amplitude and cycle number [9]. Based on

degradation stiffness model in sand, Achmus et al. [6] and
Hu et al. [7] developed finite element methods to study the
bearing behavior of pile under cyclic lateral loads. 0e most
important advantage of these finite element methods is that
they can determine the stress distribution and degree of soil
degradation of pile surrounding soil. However, their cal-
culation process is much more complicated and not con-
ducive to engineering applications. In addition, the above
studies have been mostly conducted on sand, which may be
not suitable for the piles in soft clay. Compared with rigid
pile in sand [6, 7, 10], piles installed in soft clay often behave
as flexible soil-pile systems [11], and the accumulation of
pore water pressure in soft clay cannot be ignored for it
would cause the degradation of soil strength [12].

Unlike the complicated finite element methods, Norris
[13] originally proposed the strain wedge model (SW
model), which can obtain the stress distribution of pile
surrounding soil, to calculate the appropriate reaction
modulus of pile surrounding soil from the soil strain in the
three-dimensional passive wedge in uniform soil.
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Subsequently, Ashour et al. [14] extended Norris’s method to
deal with layered soil in the strain wedge. However, the used
stress-strain relation in Norris’s method was developed
based on limited experiment data and difficult to be applied
in the analysis of pile under cyclic lateral loads [15]. Besides,
the assumption of linear displacement of piles in SW model
would cause some contradictions with the actual bearing
behavior of piles [16].

0e objective of this study is to investigate the bearing
behavior of laterally loaded piles considering cyclic soil
degradation. Amodified SWmodel is introduced to examine
the stress distribution of pile surrounding soil. Besides, a
cyclic degradation model of soft clay considering the ac-
cumulation of plastic strain and pore water pressure is
proposed based on cyclic triaxial tests. 0en, a simplified
method to analyze the bearing behavior of piles under cyclic
lateral loads is presented by applying the cyclic degradation
model into the modified SW model. Finally, the proposed
simplified method is verified by comparing the model
predictions with results obtained from model tests.

2. Modified Strain Wedge Model

2.1. Basic Concept of SW Model. 0e aim of SW model
proposed by Ashour et al. [14] is to determine the subgrade
reaction modulus in the following differential equation:

EI
d4y
dz

4 + k(z)y � 0, (1)

where EI and y denote the flexural stiffness and lateral
deflection of pile, respectively, and k(z) is the subgrade
reaction modulus at a depth of z, which is defined as follows:

k �
p

y
, (2)

where p is the soil resistance per unit length of pile and can
be calculated by SW model.

As shown in Figure 1, a three-dimensional passive wedge
of soil is developed in front of the deflected pile in SW
model. 0e passive soil wedge is described by the base angle
βm, fan angle φm, and depth of the passive wedge H. 0e pile
embedded length is L, and the depth of the passive wedge H

is equivalent to the depth of first zero-deflection point of
pile. 0e lateral deformation of pile is assumed to vary
linearly with depth, and the rotation angle of pile δ is
consistent along pile shaft (see Figure 1(b)) [14]. 0e soil
stress condition in the passive wedge can be determined by
using triaxial test. 0e lateral earth pressure coefficient K0
can be assumed to be 1 owing to pile driving effect. Hence,
the major principle stress change in the direction of pile
movement Δσh is equal to the deviatoric stress in the triaxial
test, and vertical stress σv in the subgrade is taken as con-
fining stress in the triaxial test. With the increase of the
lateral load acting on the pile head, the size and stress level of
passive soil wedge would change accordingly. φm also de-
notes the mobilized internal friction angle of soil. 0e re-
lationship of βm, width of the wedge face BC at depth z, and
φm can be obtained as follows [14]:

βm � 45∘ + φm,

BC � D + (H − z)tan φm tan βm,
(3)

where D represents the diameter of pile. For square piles, D

can be calculated in the form of equal perimeter.
0e soil resistance p at depth z is written as follows:

p � S1BCΔσh + 2S2Dτ , (4)

where S1 and S2 are pile shape factors which equal 0.75 and
0.5 for circular pile, and both equal 1 for square pile, re-
spectively. τ denotes the mobilized pile side shear stress,
which can be calculated as follows [14]:

τ
τult

�
12.9yD − 40.5y

2
D

2
, (x< 6m),

32.3yD − 255D
2
, (x> 6m),

⎧⎪⎨

⎪⎩
(5)

where the units of y and D are centimeter and meter, re-
spectively. τult is the ultimate shear stress of surrounding soil
acting on pile shaft and given as τult � ζSu, in which Su and ζ
are undrained shear strength and adhesion factor, respec-
tively. ζ is equal to 0.5, 1 − (Su − 25)/90 and 0.5 for
Su ≤ 25 kPa, 25 kPa< Su ≤ 70 kPa, and Su > 70 kPa,
respectively.

2.2. Modifications of SM Model. 0e modifications of SM
model mainly include two aspects: (1) based on the non-
linear deformation assumption of single pile, the relation-
ship between lateral deflection of pile and lateral strain of soil
in passive wedge is established; (2) the Duncan–Chang
model is introduced to describe the stress-strain relationship
of clay.

In the SM model proposed by Norris’s group [13, 14],
the lateral deformation of pile is assumed to vary linearly
with depth, and the rotation angle of pile δ is consistent
along pile shaft (see Figure 2(a)). However, the actual
rotation angle of the lower part of pile should be less than
the assumed one, which would lead to a discrepancy with
the actual conditions [15, 16]. 0erefore, this work in-
troduces the nonlinear deformation assumption pro-
posed by Xu et al. [16] for laterally loaded pile in sand. As
shown in Figure 2(b), the strain wedge-pile system is
divided into a series of segments or layers with thickness
h. 0e strain of the ith strain wedge is εi, and the dis-
placements at the upper and lower interfaces of the ith
pile segments are yi− 1 and yi, respectively. 0e rotation
angle of pile is assumed to vary with depth and satisfy the
following equation:

δi �
dy

dz
􏼠 􏼡

i

,

�
yi− 1 − yi

h
.

(6)

Meanwhile, the rotation angle also has the following
relationship with εiand φmi [13]:
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δi �
ci

2

�
1 + ]i( 􏼁εi

2
cos φmi,

(7)

where ci and ]i are the shear strain and Poisson’s ratio of the
ith soil layer, respectively. φmi is the fan angle of the ith
passive soil wedge.

0en, the Duncan–Chang model [17] is used to obtain
the Δσh ∼ ε relationship as follows:

Δσhi
�

εi

1/Eini( 􏼁 + Rfεi/Δσhfi􏼐 􏼑
, (8)

where Rf is the failure ratio within the range of 0.75–1.
Eini � KePa(σvi

′ /Pa)n denotes the initial elastic modulus, in
which Ke and n are the calculated parameters within the
range of 20–200 and 0.5–0.8 for clay [18], respectively. Pa �

101 kPa represents the standard atmospheric pressure. Δσhfi
is the deviatoric stress σsfi at failure and can be expressed as
follows:

Δσhfi � σsfi|failure,

�
2ci cos ji + 2σvi sin ji

1 − σvi sin ji

,
(9)

where ci and φi are the cohesion and internal friction angle
of the ith soil layer, respectively, which can be determined by
unconsolidated undrained (UU) triaxial test.

0e mobilized internal friction angle φmi can be deter-
mined according to the stress level of soil in strain wedge (see
Figure 3):

sin φmi �
Δσhi

Δσhi + 2σvi + 2ci/tan φi( 􏼁
. (10)

With the increase of lateral load, the stress level of soil in
strain wedge increases continuously until approaching the
ultimate state. 0en, the soil reaction at pile side reaches the
ultimate soil resistance pu and can be expressed as follows
[19]:

pu � S110Su + S22Su( 􏼁D. (11)

yl

yi

y2

y1

y0
y0

εiHH

δ

ε2

δ1

δ2

ε1 h

(a) (b)

Figure 2: Displacement distribution of pile in SW model. (a)
Linear displacement of pile in SWM. (b) Nonlinear displacement of
pile in SWM.
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Figure 1: Basic strain wedge model [14]. (a) 0ree-dimensional wedge in front of pile. (b) Deformation of pile and vertical wedge profile.
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2.3. Calculation of SMModel. 0e finite difference method
is used to solve (1), and the soil-pile system is evenly divided
into NL(� L/h) elements or layers with thickness h, and the
soil-pile system within strain wedge range is divided into
NH(� H/h) segments. Combining with the lateral force and
bending moment constraints of pile head and pile end, the
differential solution equations of pile-strain wedge system
are expressed as follows:

[K][Y] � [P], (12)

where [K] is the pile stiffness matrix of order
(N + 1) × (N + 1). [Y] and [P] are the vectors of pile
displacement and lateral load of (N + 1), respectively. 0e
specific solution of (12) can be referred to in [20, 21].

Combining equation (4) and equations (6) and (7), the
subgrade reaction modulus of soil within the depth of strain
wedge can be obtained as follows:

ki �
pi

yi− 1 + yi( 􏼁/2
, 1≤ i≤NH. (13)

0e subgrade reaction modulus below the strain wedge
varies linearly with depth and can be expressed as follows:

ki � ηhz, NH < i≤NL, (14)

where ηh is the coefficient of the subgrade reaction [22].
Figure 4 shows the specific process for solving the static

response of laterally loaded pile by utilizing the modified SM
model. 0e corresponding computational program has
developed using MATLAB software [23]. Based on the
proposed procedure, the stress and strain levels of pile
surrounding soil under different load levels can be deter-
mined for different depths. To facilitate calculation, the
initial displacement value of pile in Figure 4 can be deter-
mined according to the solution solving by elastic-plastic
analyzing method [24].

3. Degradation Model of Soft Clay under
Cyclic Loading

For the lateral loading conditions, the stress states of soil in
the strain wedge under static load are similar to the static
triaxial test and undrained cyclic triaxial test, respectively. In
other words, the vertical stress σv is equivalent to confining
pressure and lateral stress increment is equivalent to cyclic
deviatoric stress σcyc. During cyclic triaxial test, with the
increase of the number of cycles, cumulative plastic strains
and pore water pressure would occur in the soil sample,
which leads to the decrease of effective stress and further
causes the weakening of the secant stiffness of clay and the
increase of pile lateral displacement. Assuming that the
elastic strain can be negligible, the degradation of secant
stiffness after N cycles EsN can be described by the cumu-
lative plastic axial strains and pore water pressure as follows:

EsN

Es1
�

σcyc − uN􏼐 􏼑/εa
N

σcyc/ε
a
N�1

,

�
σcyc − uN

σcyc

εa
p,N�1

εa
p,N

,

(15)

O′

O

C

c/tanφ

φ

φm

σ1

Δσhf

Δσh

σ3

Figure 3: Relationship between friction angle and stress level of
soil.

Soil: γ, c, φ, Su, Rf, v, Ke, n
Pile: L, EI, D
Load at pile head: P0

The soil-pile system is divided into NL segments with a
discrete value of h

Assume an initial displacement
vector [Y0] of pile, and yi = [Y0]i

Assume initial strain wedge depth H0 is equivalent to the
depth of the first pile zero-deflection point, and NH = H0/h

For 1 ≤ i ≤ NH, ki = pi/yi; for NH ≤ i ≤ N,
ki = ηhz. Substitute ki into eq. (1) to solve pile

response [Y] using finite difference method and
determine the strain wedge depth H

Output pile displacement vector [Y].
Obtain εi, ∆σhi of soil sublayer

Yes

No|[Y] – [Y0]| ≤ 10–5

|H – H0| ≤ 10–5 |Y
0| 

= 
[Y

]

For 1 ≤ i ≤ NH, substitute yi into eq. (7) to solve for δi. 
Combine eqs. (8), (9), and (11) to calculate φmi, εi, and ∆σhi.
Utilize eqs. (6) and (4) to calculate τi and BCi, and then use

eqs. (5) and (12) to determine pi and pui. Determine the
relationship between pi and pui. if pi > pui, let pi = pui

Figure 4: Flowchart for procedure of modified SW model.
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where εa
p,N�1 and εa

p,N are the plastic strains of soil after first
cycle and N cycles of cyclic deviatoric stress σcyc, respec-
tively. εa

N�1 and ε
a
N are the vertical strains after first cycle and

N cycles, respectively. uN is the pore water pressure after N
cycles, and Es1 is the secant stiffness after the first cycle.

3.1. Semiempirical Formulas forCumulative Plastic Strain and
Pore Water Pressure of Soft Clay. According to (15), the
cumulative plastic strain and pore water pressure are key
parameters to determine the degradation degree of clay.
Triaxial test results [25, 26] show that εa

p,N and uN of soft clay
are related to the amplitude of cyclic deviatoric stress and the
number of cycles. Based on triaxial tests, many scholars have
fitted the curves of εa

p,N ∼ N and uN ∼ N to obtain the
semiempirical calculation formulas of cumulative plastic
strain and pore water pressure of soft clay, which have been
widely applied in engineering [27–30]. Here, based on the
results of cyclic triaxial test [25] and considering the increase
of cumulative pore water pressure, two semiempirical for-
mulas cumulative plastic strain and pore water pressure of
soft clay are proposed as follows:

εa
p,N � εa

p,N�1N
aεηd

bε( ), (16)

u
r
N � u

r
N�1N

auη
bu
d

( 􏼁
, (17)

where ηd � σcyc/σsf denotes the cyclic stress ratio of pile
surrounding soil, that is, the ratio of cyclic deviatoric stress to
ultimate static deviatoric stress which satisfies σsf � (σ1 − σ3)f.
ur

N � uN/σ3 and u1
r � u1/σ3 denote the ratios of cumulative

pore water pressure and initial pore water pressure to minor
principal stress σ3. aε, bε, au, and bu are corresponding fitting
regression parameters, which can be determined by cyclic
triaxial test. 0en, εa

p,N�1 can be calculated as follows:

εa
p,N�1 �

σcyc
Ein 1 − σcyc/σsf􏼐 􏼑

−
σcyc
Eur

, (18)

where Eur is unloading elastic modulus and is 1 to 3 times of
the initial elastic modulus Ein [17].

3.2.Determination andValidation of Semiempirical Formulas
Parameters. Liu et al. [25] conducted a series of undrained
cyclic triaxial tests on soft clay and obtained the cumulative
plastic strain and pore water pressure curves of soil under
different cyclic stress ratios. 0e parameters of equations
(16) and (17) can be obtained by fitting the test results.
Typical regression parameters are found for cumulative
plastic strain to be aε � 0.594 and bε � 1.908, and for cu-
mulative pore water pressure to be au � 0.828 and
bu � 1.124. 0en, the regression equation of the initial pore
water pressure ratio is expressed as follows:

u
r
1 � 0.06125η1.6085

d . (19)

Equations (16) and (17) with the given parameters are used
to fit the results of cyclic triaxial tests by Liu et al. [25], and the
fitting results are shown in Figure 5. It is found that the two
semiempirical formulas presented in this paper have sufficient

accuracy and can better reflect the engineering characteristics
of soft clay undergoing cyclic loads. Furthermore, substituting
equations (16) and (17) into equation (15), the stiffness at-
tenuation of soft clay can be reasonably simulated.

4. Calculation Method of Pile Lateral
Displacement under Long-Term
Cyclic Loading

In this section, the modified SM model and degradation
model of soft clay are used to calculate the pile lateral
displacement under long-term cyclic loading with the
constant loading amplitude Pmax and the number of cycles
N. Firstly, based on the quasistatic method, the modified SM
model is adopted to calculate the distribution law of stress
and strain of pile surrounding soil undergoing the static load
Pmax along the depth. Based on the stress state determined by
the modified SMmodel, the distribution of cyclic stress ratio
of pile surrounding soil can be obtained, and then the at-
tenuation stiffness of soil after N cycles can be calculated
according to the degradation model of soft clay. Finally, the
attenuation stiffness is introduced into the modified SW
model to calculate the lateral displacement of pile. 0e
specific calculation steps are as follows:

(i) Step 1. Determine ηdi. Let P0 � Pmax, and input the
parameters of pile and soil into flowchart (Figure 4).
Based on the modified SW model, the lateral dis-
placement of pile under load P0 is calculated. 0en,
the increment of lateral stress Δσhi and lateral strain
εi of the ith soil layer at different depths are ob-
tained. Letting σcyci � Δσhi and taking Δσhi as the
amplitude of cyclic deviatoric stress, the corre-
sponding cyclic stress ratio of pile surrounding soil
ηdi � σcyci/σsfi is determined.

(ii) Step 2. Determine εa
pi,N, uNi, and EsNi. Calculate the

cumulative plastic strain εa
pi,N and cumulative pore

water pressure uNi of the ith soil layer in strain
wedge subjected to different cyclic stress ratios by
using equations (16) and (17). 0en, substituting
εa

pi,N and uNi into equation (15), the attenuation
stiffness EsNi of the ith soil layer in strain wedge
after N cycles can be obtained.

(iii) Step 3. Determine the stress-strain relationship of
each soil layer during the Nth loading process. As
shown in Figure 6, unlike the static loading process,
the soil stiffness is attenuated due to the cumulative
plastic strain and pore water pressure in soft clay. If
the elastic strain during the reloading process is not
considered, the stress-strain relationship of the ith
soil layer during the Nth loading process can be
approximated as follows:

Δσhi �

EsNiε, ε≤ εap,Ni􏼐 􏼑,

ε
1/Eini( 􏼁 + Rfε/Δσhfi􏼐 􏼑

, ε> εap,Ni􏼐 􏼑.

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(20)
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(iv) Step 4. Letting P0 � Pmax, and replacing equation
(20) with equation (8) and substituting it into the
flowchart of SW model procedure to consider the
effect of cyclic load, the lateral displacement and
internal force of pile are calculated when there is
lateral cyclic load acting on the pile head.

Based on the above four steps, the authors utilize
MATLAB [23] to compile a corresponding calculation
program for the analysis of laterally loaded piles considering
cyclic soil degradation.

5. Verification and Discussion

In this section, a comparison with existing model tests is
conducted to verify the proposed method. Liao et al. [11]
carried out a series of 1 g model tests to study the response of
flexible pile under static and one-way cyclic loading on
marine clay. 0e model pile was a circular PVC tube with a
total length of 1000mm and an embedded length of 700mm.
0e outer diameter and wall thickness of the model pile are
50mm and 5mm, respectively. 0e loading position is
100mm below the pile head. 0e bending stiffness of model
pile is 0.4 kN · m2, and the unit weight of soil is 17.82 kg/m3.
0e undrained shear strength of soil varies linearly with
depth and can be expressed as Su � 1.2 + 3.24z. 0e other
selected parameters of soil are given in Table 1.

0e present modified SW model is applied to calculate
the load-displacement curve at loading position and dis-
placement distribution of pile under different lateral cyclic
loads. 0e comparison between the calculated results and
test results are shown in Figure 7. It is noted that the results
predicted by the proposed method are almost consistent
with those results from tests. It also shows that the modified
SW model can effectively simulate the bearing behavior of
pile in soft clay under static lateral load.

When the lateral displacement of pile at the loading
position is 0.2D, the pile reaches the ultimate bearing state
[31]. According to Figure 7, the ultimate static lateral
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Figure 5: Comparison between the results of prediction and cyclic triaxial test [25]. (a) Simulation of εa
p,N ∼ Ncurve. (b) Simulation of

uN
r ∼ Ncurve.

σcyc iEsiN
1

Δσhi

εa
pi,N

ε

Figure 6: Relations of stress-strain of the soils during the
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capacity of the model pile Pu is approximately 100N. In
literature [11], three sets of cyclic loading tests with the
loading amplitudes of 0.3Pu, 0.45Pu, and 0.6Pu were also
carried out by one-way cyclic loading.0e proposed method
is applied to fit these tests and validate itself. Since the
engineering properties of the test soil are similar to the soil
sample of the cyclic triaxial test in literature [25], those
fitting parameters in literature [25] are used in this fitting
process. As well known, clay in different regions has different
cyclic softening characteristics. For specific cases of cyclic
laterally loaded pile, the fitting parameters of cyclic degra-
dation model should be obtained by cyclic triaxial test on in-
site sample. 0e proposed fitting parameters are only for
reference.

Figure 8 depicts the comparison between the results
calculated by the present method and the test results under
different cyclic loading amplitudes. As shown in Figure 8, y1

and yN are the peak lateral displacement of the pile at

loading position after the 1st cycle and the Nth cycle, re-
spectively. yN/y1 represents the development degree of
displacement and can reflect the softening degree of pile
lateral stiffness; that is, (Pmax/yN)/(Pmax/y1) � y1/yN.

It is found that the results obtained by the present
method are in good agreement with the test results. As the
number of cycles and the load amplitude increase, the lateral
displacement of pile shaft increases, but the pile lateral
stiffness decreases. 0is indicates that the simplified calcu-
lation method can reasonably reflect the development of pile
lateral displacement and the degradation of pile lateral
stiffness when the pile in soft clay is undergone long-term
cyclic loading.

Figure 9 shows the influence of cumulative pore water
pressure on the lateral displacement of pile. For the cases of
cyclic load amplitude of 0.45Pu and 0.6Pu, when the effect of
cumulative pore water pressure on the stiffness of pile
surround soil is considered, the development degrees of pile
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Figure 7: Comparison of measured data [11] with calculated results in static test. (a) Load-displacement curve at loading position.
(b) Displacement distribution of pile.

Table 1: Parameters of soil.

c(kPa) φ (∘) ] Ke n ηh(kN/m3)

0.82 17.4 0.49 100 0.68 6000
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displacement are increased by 9% and 13% relative to the
method of ignoring the cumulative pore water pressure,
respectively. It means that the cumulative pore water
pressure has a negative effect on the development of pile
displacement in soft clay, and this negative effect increases
with the cyclic load amplitude. 0erefore, it is necessary to
consider the influence of cumulative pore water pressure in
the analysis of cyclic laterally loaded pile, in the calculation

response of pile in clay, which is also one of the main
differences between clay subgrade and sandy subgrade under
low-frequency cyclic loads.

Figure 10 illustrates the influence of the number of cycles
on the depth of strain wedge. 0e strain wedge depth is an
index reflecting the degree of bearing capacity of pile sur-
rounding soil. It is found that the strain wedge depth in-
creases as the number of cycles and cyclic load amplitude
increase. 0is indicates that the degradation of soil in the
upper strain wedge depth would lead to the deeper soil layers
to participate in resisting lateral movement of pile shaft and
exert its bearing capacity, which also reflects the working
state of the soil-pile system under cyclic loads.

6. Conclusions

In this paper, a simplified method for the analysis of laterally
loaded pile is proposed by combining a modified SW model
with degradation model of soft clay. 0e effectiveness of the
proposed method is verified by comparing with the results of
1g model tests by Liao et al. [11]. Moreover, the study on the
influence of pore water pressure implies that there is a need
to consider the effect of cumulative pore water pressure
during the analysis of cyclic laterally loaded pile embedded
in soft clay. Finally, it is also found that the strain wedge
depth increases as the number of cycles and cyclic load
amplitude increase, which can reflect the working state of the
soil-pile system under cyclic loads.

Compared with the finite element methods, the present
method has a greater advantage in terms of calculation
speed. Compared with p-y curve method recommended by
API, the present method can more effectively reflect the
cyclic softening characteristics of pile surrounding and
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consider the influence of cyclic load characteristics. How-
ever, the research in this paper is currently only applicable to
the cyclic loading conditions with constant amplitude. 0e
calculation of pile under cyclic loading cases with variable
amplitude still needs to be further studied in the future.
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In this work, a numerical study is conducted on the seismic response of deep-buried roadways in coal mines under the influence of
goafs, and a 3D numerical model of the seismic response simulation of deep-buried roadways is established using the coupling
model of the finite difference method and the distinct element method.*is model simulates the seismic response of different coal
pillar widths and the seismic conditions of the deep-buried roadways under the influence of the adjacent goafs. *e deformation,
stress distribution, and plastic area distribution of roadways and coal pillars are systematically studied, and the situations under
the static load and the roadways, which are not affected by the goafs, are compared and analyzed. A reasonable width of the coal
pillar is proposed on the basis of the stability of the roadway and the coal pillars. In the end, suggestions for the reasonable setting
of coal pillars under seismic load are provided.

1. Introduction

*e earthquake disaster causes serious damage to ground
buildings and brings about serious effects to underground
structures [1–3]. *e deep underground mining often in-
duces seismic activity, which is called mine earthquake
[4–7]. Natural and mine earthquakes are not essentially
different [8, 9]. Natural earthquakes have caused different
degrees of damage to coal mines [10, 11]. Underground coal
mines are gradually affected by mine earthquakes with in-
creased coal mining depth [12, 13]. In the limited deep space,
mine earthquakes may cause a series of other coal mine
disasters, such as rock explosion, coal and gas outburst [14],
and water penetration [15–20]. *erefore, the response of
deep underground coal mine structure should be analyzed
under the seismic load.

*e gob-side entry driving is a long-walled coal mining
often used in the form of exploitation [21–25], and the
roadway driving with coal pillars can effectively isolate the
goaf to prevent water and harmful gases in the goafs into the
roadway [26, 27]. Feng et al. [28] established the relationship
between microseismicity and the risk of rockburst and then
proposed an early warning technique based on it to predict

the rockburst in tunnels. By analyzing the monitored mi-
croseismic data, this method can provide a real-time early
warning of the rockburst risk during excavation of the
tunnel. *e application of this method in some engineering
cases shows that it can well predict the development of rock
burst [29, 30]. Li and Chai [31] studied the relationship
between the width of coal pillars and the susceptible coal
explosion in deep-buried roadways and proposed a rea-
sonable coal pillar width setting to reduce the risk of the coal
explosion. Considering that coal pillars play a supporting
role in the active coal mining space and are subjected to
different forms of dynamic action, the current mining stress
of the coal mining face is the main dynamic form. Coal
pillars are also affected by the process of isolating the goaf
and the overlying rock strata sinking the goaf during the
compaction process. Coal pillars are affected by dynamics,
which often cause large deformations and bring about
difficulties to the coal mining. Zhao et al. [32] and Wang
et al. [33] analyzed the stress changes and the damage risks of
coal pillars under dynamic and static loads with specific
cases and proposed reasonable coal pillars under corre-
sponding geological conditions. In previous studies, un-
derground chambers or roadways often produced a certain

Hindawi
Advances in Civil Engineering
Volume 2021, Article ID 5539628, 17 pages
https://doi.org/10.1155/2021/5539628

mailto:caoxsh@xaut.edu.cn
https://orcid.org/0000-0002-9136-0153
https://orcid.org/0000-0003-2711-3921
https://orcid.org/0000-0003-1195-7206
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/10.1155/2021/5539628


amount of deformation under the action of earthquake
loads. Wang et al. [34] analyzed the seismic response of
underground gas storage salt caverns, which produce certain
deformation and damage in the seismic response. In turn,
the seismic response has a certain effect on the safety of gas
storage salt caverns. *is deformation does not pose a great
threat to the roadway in the coal mining space of the coal
mine, and the effect of the dynamic stress on the roadway far
from the goaf is small [35–37]. However, the deformation of
the roadway formed by the gob-side entry driving due to the
isolation of coal pillars near the goaf is often severe. In the
study of the dynamic response of isolated coal pillars under
the action of the goaf, the goaf is often regarded as a con-
tinuous medium [38–40], which is often inconsistent with
the actual situation of broken rocks in the adjacent goaf.

In this study, the finite difference method (FDM) and the
distinct element method (DEM) are coupled, and a con-
tinuous medium model of isolated coal pillars and forma-
tions is established. A discrete mediummodel of the adjacent
goaf is established using the DEM. *e effect of the adjacent
goaf under seismic load on the coal pillar and the response of
coal pillars with different widths under the seismic load are
analyzed. *ese results should provide suggestions for the
reasonable setting of coal pillars under the seismic load.

2. FDM and DEM Constitutive Models

*e computational resource required to model coal strata
sequence using a distinct element code similar to PFC is
enormous, especially in dynamic calculation. *e goaf is
filled with broken gangue, and the discrete medium in the
goaf belongs to unbonded granular materials. *erefore,
using PFC to simulate the goaf is reasonable. *e Mohr-
Coulomb model is widely used in the seismic analysis in the
nonlinear dynamic analysis in geotechnical engineering
[41–43]. *e continuum model is selected for the coal pillar
and the adjacent complete stratum, and the Mohr-Coulomb
model is selected for the constitutive relationship of the
model. *e contact connection model is used to simulate the
discrete medium in the goaf without considering the internal
fragmentation of the particles. *e solid element (zone) in
the FDM and the wall in the DEM are used for coupling.*e
coupling of FDM and DEM is required to reduce compu-
tation time while ensuring solution accuracy.

A model (Figure 1) is established to verify the feasibility
of the coupling scheme. *e length, width, and height di-
mensions of the overall model are 160m× 5m× 15m in the
x, y, and z directions in the software. *e hollow area of
150m× 5m× 10m is filled with the DEM and the FDM.*e
mechanical parameters related to the FDM and the DEM are
shown in Table 1. FDM parameters are obtained from coal
mine strata. *e DEM refers to the data in literature [44]. In
the coupling model of the FDM and the DEM, the DEM
particle size is 0.2–0.5m. A total of 24,816 particles (balls) are
generated, and the number of physical units (zone) is 4,500.
*e number of solid elements (zone) is 12,000 in the model
with only continuum.

After the model is established, the parameters are
assigned, and the bottom and all sides of the model are fixed.

No stress or restriction is observed in the upper part. *e
self-weight stress balance is calculated, and the model dis-
placement and the velocity are initialized to 0. *e accel-
eration time range (Figure 2) is entered from the bottom of
the model and provides artificial waves for the software. *e
acceleration equation for the wave is

u(t) �
1
2

1 − cos
π
3

t􏼒 􏼓􏼒 􏼓A sin(2πft), (1)

where A is the amplitude and f is the frequency.
*e free-field boundary is applied around the model to

reduce the reflection of the acceleration wave. *e static
boundary conditions are removed, and the dynamic re-
sponse of the model is verified under the influence of no
surrounding stress. *e dimensional effects are considered.
*e distance at the y direction is short, and the free-field
boundary is observed at both ends. *e acceleration in the y
direction is set to 0, and the acceleration in the x and z
directions is entered in accordance with the actual size.

*e model dynamic calculation time is set to 10 s. *e
coupling of FDM and DEM under self-weight stress
(Figures 3(a) and 3(b)) and dynamic load (Figures 3(c) and
3(d)) conditions and the vertical stress in the left pillar of the
continuous medium models (Figures 3(b) and 3(d)) is
extracted to verify that the response of the bulk and the
continuum media to the cylinder differs. *e coordinates of
the pillars are x(0–5), y(0–5), and z(0–15), and the stress is
extracted from x� 4.9 in the x plane. Considering that 5.0 is
affected by displacement, some areas cannot be extracted
due to stress. As shown in Figure 3, the vertical stress of the
continuum (Figure 3(b)) shows a linear change along the z-
axis as a whole under the condition of self-weight stress.
However, the coupling model of the FDM and the DEM
(Figure 3(a)) is affected by the contact stress of the loose
body. Moreover, the local area is no longer linear, shows a
fluctuation in the whole plane, and does not change uni-
formly in the direction of the y-axis. *ese observations
show that the DEM and the continuum have completely
different forces on adjacent areas. *is difference is also
evident under the dynamic load conditions. As shown in
Figures 3(c) and 3(d), the stress distribution in the con-
tinuous medium (Figure 3(d)) shows a certain regularity.
For example, at the position of z� 0, the vertical stress in the

160m
150m

5m

Zone Ball  Continuous medium

10
m

15
m

Figure 1: Coupling verification model.
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y direction is low at both ends, high in themiddle, linear, and
gradually stable from both ends to the middle. At the po-
sition of y� 2.5, the stress in the z direction increases first

and then decreases. In the FDM and the DEM coupling
model (Figure 3(c)), an irregularity between the self-weight
stress and the continuous medium is observed. *erefore,

Table 1: Reference table of FDM and DEM physical mechanical parameters.

Name of coal
and rock mass Bulk modulus (GPa) Shear modulus (GPa) Density (kg/m3) Cohesion (MPa) Internal friction angle (°)

Model floor, 5m 5.9 2.5 2620 1.3 29
Left and right pillars 3.1 1.5 1420 0.5 22

Mechanical parameters in the DEM model
Contact modulus Ec
(GPa)

Stiffness ratio
kn/ks

Frictional
coefficient μ

Normal strength/σc
(MPa)

Tangential strength/τc
(MPa)
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Figure 2: Input acceleration time history.
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Figure 3: Vertical stress distribution of the left column under the self-weight and the dynamic load.
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the dynamic load response of coal pillars under this discrete
medium, which is different from the continuous medium,
should be studied.

3. Establishment of the Numerical Model

3.1. Geological Background and Site Details. *e Kongz-
huang Coal Mine in Xuzhou, China, was selected as a nu-
merical example. *e longwall panels (7433 panels and 7435
panels) with width of 200m and length of 100m are selected.
*e coal seam thickness of the working face is
4.20m∼5.10m, and the average thickness is 4.60m.

*e immediate roof of the coal seam is sandy mudstone,
with a thickness of 0.60∼11.19m, an average thickness of
3.90m, gray-black, thin-layered, uneven sand content, and
more plant fossils. *e main roof is composed of siltstone
and medium-grained sandstone. *e thickness of siltstone is
1.87∼3.21m with an average thickness of 1.50m. *e
thickness of medium-grained sandstone is 5.23∼9.81m with
an average thickness of 6.66m. *e siltstone is gray-white;
the main components are quartz, feldspar, calcareous ce-
ment, compact, fine-grained sand-like structure, and nearly
horizontal bedding; for details, see Figure 4.

3.2. Modeling and Solutions. *e numerical model is
established on the basis of the tail entry of the 7435 working
face of the Kongzhuang Coal Mine.*e 7435 working face is
the first working face buried more than 1000m deep in
Kongzhuang Coal Mine. *e plane relationship between
7433 and 7435 working faces is shown in Figure 5. During
mining at the 7433 working face, if the 7435 working face is
excavated, then an isolated coal pillar should be set between
two working faces. *e length along the dip of the two
working faces is 150m. *us, the length along the dip of the
7433 goaf is 150m, and the tail entry of the 7435 working
face is shown in Figure 5. *e width and the height of the
roadway section are 5 and 4m, respectively. *e 3D sizes of
the comprehensive strata histogram and model are shown in
Figure 4. *e size of the model in the x direction is 350m,
and the sizes in the z and y directions are 200 and 5m,
respectively. *e layout of monitoring points around the
roadway is shown in Figure 4 to monitor the displacement
and the stress of the roadway and the coal pillars. *e height
dimension of the goaf, that is, the caving zone, uses statistical
theoretical analysis to arrive at the regression formula of the
fall zone on the basis of the highly measured data of the
caving zone of a large number of goafs in China and the
United States made by Bai et al. [45].

Hc �
100h

c1h + c2
, (2)

where Hc is the height of the caving zone (m), h is the height
mining (m), and c1 and c2 are the strata strength parameters.
*e values of c1 and c2 can be determined on the basis of
literature [45]. *e 7433 working face has a mining height of
4.5m, and the calculated caving zone height is approxi-
mately 11.2m and is regarded as 11m. *e working face has
a length of 150m. *erefore, the size of the goaf is (i)

X×Y×Z, 150m× 5m× 11m by using the DEM for mod-
eling. *e DEM model (Figure 6) is built. *e randomly
generated geometric model is imported from the external
software to simulate the broken rocks in the goaf realisti-
cally, and the spherical particles are filled into the geometric
model to make the surface of the model as close to the actual
one as possible under stable model conditions. For the
physical and mechanical parameters of the two models, the
FDM parameters are determined in accordance with the
geological conditions of field engineering and the me-
chanical properties of the rock formations. *e DEM model
parameters are determined in reference to literature [44],
and the physical mechanical parameters are presented in
Table 2.

*e total numbers of model units and DEM are 124 250
and 3866, respectively. *e size of broken rock mass is
0.3–2m, and the particles of the broken rock mass are
randomly generated in this range. *e porosity of the model
is 0.3. In this discussion, the effect of particle breakage and
size is ignored. *e position of the 7435 tail entry in the
model moves to the left in the dashed box of Figure 4 to
change the widths of the coal pillar to 5, 7, 9, 11, 13, 15, 20,
25, 30, 35, and 40m, which indicates the construction of 11
models. *e grid size of the model is dense around the
adjacent roadway and the goaf. *e grid size is far from the
roadway, and the goaf is appropriately enlarged to improve
the accuracy of the calculation without affecting the cal-
culation results.

*e 7435 working face of the Kongzhuang Coal Mine has
an elevation of −1017.50m to −883.80m. *is study ignores
the effects of the stratigraphic dip. *e working face is
arranged horizontally.*e working face and the roadway are
arranged at 1000m. *e rock mass density and the upper
vertical stress are valued at 2500 kg/m3 and 25MPa, re-
spectively, and the horizontal stress ratio is 1.5 during the
static calculation of the model. *e front, rear left, right, and
the bottom are fixed at the model static calculation boundary
conditions.*e dynamic boundary condition of the model is
the free-field boundary condition to reduce the reflection of
waves.

*e mechanical parameters of coal and rock can be
found in Table 2, and the DEM mechanical parameters are
the same as those in Table 1.*e two sides of the 7435 return
airway are supported by bolts, with length, diameter, and
spacing of 2.4m, 20mm, and 1m× 1m, respectively. Four
anchors are present on each section with the yield load and
pretightening force of 150 and 80 kN, respectively. *e roof
is supported by bolts and cables with spacing of 1m× 1m.
*e anchor cables are arranged in the middle of the bolts
near the middle point of the bolster and the roof of the
roadway with anchor cable diameter, length, yield load, and
pretightening force of 17.8mm, 8.2, 600 kN, and 150 kN,
respectively.

3.3. Input andProcessing of SeismicWaves. In the calculation
process, the Northridge, Loma, Kobe, and artificial seismic
waves are used [46].*e first 20 of the four seismic waves are
extracted as input dynamic loads, and the four seismic waves
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Figure 6: Establishment of the DEM model.

Rock bolt

Cable Roof

The width of tail entry

 Height

Coal pillar

Gob

7433 tail entry 

7433 head entry

Coal face 7433

Coal face 7435

7435 tail entry

7435 head entry 5m

4m

Figure 5: Plane position relationship of the model and the support form of the 7435 return airway.

200m

350m

150m

11m

7435 tail entry

7435 
tail entry

5m y direction

4m

68m

6m

10m

8m
4m
4m
3m

11m

3m
3m
4m

72m

100m

1

2
3

4

5

6
7

8

Monitoring point

Medium-grain sandstone

Mudstone
Siltstone

Coal seam
Sandy mudstone
Fine-grain sandstone

Figure 4: 3D size of the numerical model and integrated stratigraphic histogram.

Advances in Civil Engineering 5



are filtered and baseline-corrected using the SeismoSignal
[47] software. *is procedure eliminates a small number of
high-frequency waves in the seismic waves, reduces the
number of meshes, and ensures that the displacement and
velocity of the model grid points after the power calculation
are 0. *e acceleration of the four seismic waves is shown in
Figures 7(a)–7(d). Considering the effect of the model size,
the acceleration of the seismic wave in the y direction is set to
0 due to the small size of the y direction, and the acceleration
in the x and z directions is entered in accordance with the
original size.

4. Deformation Characteristics of Roadway

4.1. Horizontal Deformation. Figure 8 shows a change curve
in the horizontal displacement of 56 study cases, including
11 different coal pillar widths under static load conditions
and four seismic wave conditions. Figures 8(a), 8(c), 8(e),
8(g), and 8(h) show the horizontal displacement of moni-
toring point 1, which reveals the maximum horizontal
displacement change on the side of the coal pillar of the
roadway. Figures 8(b), 8(d), 8(f), 8(h), and 8(j) show the
horizontal displacement of monitoring point 5, which re-
veals the maximum horizontal displacement change curve of
the solid coal side of the 7435 return air lane, where a and b
are the horizontal displacement curves under the static load.

(1) Under the static load, the influence of width is not
great within the range of 5–15m, and the coal pillar
side of roadway total of horizontal displacement is
between 0.4 and 0.5m. *e horizontal displacement
of the coal pillar with width of 5m is smaller than
that of the coal pillar with width of 7–15m, and this
finding is similar to that observed in previous re-
search. *e displacement change in the solid coal
side of roadway between 5 and 15m has also a
minimal effect, that is, 0.2–0.3m. However, the effect
on the roadway deformation is small under the coal
column width of 5–9m. *erefore, in recent years,
the narrow coal roadway has been chosen to improve
the coal extraction rate. *e stability of the roadway
and coal pillars can be maintained and the coal
output can be improved under the condition of
improving and strengthening the support.

(2) Within the coal pillar width range of 15–40m, the
coal pillar side of roadway total of horizontal dis-
placement gradually decreases with the increase in
coal pillar width. *e overall displacement is less

than 0.3m. In particular, the deformation of coal
pillar side of roadway reduced to 0.2m when the
width of coal pillar was greater than 25m.

(3) For the seismic reaction of a single roadway not
affected by the goaf, the displacement curve is rep-
resented by no gob in Figure 8 for comparative
analysis. As shown in Figure 8, the horizontal dis-
placement change of the single-roadway deep un-
derground, which is relatively safe for coal mining, is
not affected by the goaf. *is finding has also been
confirmed by previous studies and surveys. How-
ever, the horizontal displacement deformations of
coal pillars and roadways in adjacent goafs under the
influence of frequent or continuous dynamic loads
differ, and the width of the coal pillars remarkably
affects the changes in displacement. Figures 8(c),
8(e), 8(g), and 8(i) represent the deformation of the
coal pillar side of the roadway under the influence of
four kinds of seismic waves. At the beginning of the
ground motion, the displacement under the 5–15m
wide coal pillars increases significantly, and the
displacement under the 5m wide coal pillars in-
creases to more than 0.3m within 1 s of the ground
motion.*e difference from the static load condition
is that the displacement under the coal pillar with
width of 5m no longer shows an insignificant change
from that under the coal pillars with width of 7–15m
but continues to increase as the earthquake time
continues. Under the coal pillar with width of
7–15m, the displacement is less than that of the coal
pillar with width of 5m, but the effect is insignificant.
When the width of the coal pillars reaches 20m, the
trend of the lane displacement change in the pre-
seismic period is approximately linear and gradually
slows down. Figures 8(d), 8(f ), 8(h), and 8(j) show
the displacement curves of the solid coal side of the
roadway. Considering the long distance from the
goaf and the support of solid coal, the displacement
is smaller than the deformation of the coal pillar side,
and the overall trend of the displacement is similar to
that of the solid coal side. Similarly, the displacement
changes in coal pillars with width of 5–15m are
evident, and the coal pillars are gradually eased when
their width reaches 20m.

(4) Different displacements are observed under four
seismic conditions. *e displacement under the
Loma seismic wave is the largest. *e maximum

Table 2: Physical and mechanical parameters used in the model.

Name of coal and rock mass Bulk modulus (GPa) Shear modulus (GPa) Density (kg/m3) Cohesion (MPa) Internal friction angle (°)
Siltstone 9.1 3.8 2500 16 37
Mudstone 6.6 2.2 2550 10 35
Fine sandstone 9.2 4.0 2700 20 43
Coal 3.1 1.5 1420 5 22
SDSH 5.9 2.5 2620 13 29
Medium-grain sandstone 8.7 4.1 2500 18 40
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Figure 8: Continued.
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displacement of the coal pillar side reaches 0.81m at
the width of 5m, and the maximum displacement of
the solid coal side reaches 0.54m. *e amount of
continuous displacement continues to increase with
the seismic motions. *erefore, setting the width of
the coal pillar to 20m or greater is appropriate for the
risk of instability in accordance with the narrow coal
pillar design in the adjacent goafs under the influence
of frequent or sustained dynamic load.

4.2. Vertical Deformation. Figure 9 shows the vertical dis-
placement change curve of monitoring points 3 and 7, which
is the largest displacement change of all monitoring points:

(1) Figures 9(a) and 9(b) show the lane roof and floor
displacement curves, respectively, under static load.
*e displacement of the roof under the static load is
between 5 and 15m coal pillar width, and the sinking
volume is between 0.225 and 0.3m. *e effect of
changing the coal pillar width within this width
interval on the roof sinking is insignificant. *e
displacement of the floor under the static load is
small in coal pillars with width of 5–40m, and the
total displacement of the floor is between −0.03 and
0.03m. *erefore, the effect of static load on the
displacement of the floor is less under such geo-
logical conditions.

(2) Figures 9(c)–9(j) show that the displacements of the
roof of the roadway and the floor under the con-
dition of four seismic waves are the displacement
curves of the floor. Similarly, no gob is the dis-
placement response of a single roadway under the
influence of no goaf. *e research shows that the
displacement of the roof of the roadway not affected
by the goafs is small, and the roadway is relatively
safe. *e displacement change of the roof is

influenced by the displacement of the goafs, and the
general change trend of displacement increases
slowly as the seismic time progresses. *e maximum
displacement of the coal pillar is 5m wide under the
Northridge and the Loma seismic waves, and the
maximum roof sinking volume is close to 0.4m. At
coal pillar width of 5–15m, increasing the width of
coal pillar only slightly reduces the amount of de-
formation. *e displacement of the floor is accom-
panied by the continuous seismic movement, which
shows a trend of fluctuation. *e final displacement
is smaller than the displacement of the roof, and the
displacement of the floor is relatively safe for the
stability of the roadway. *erefore, setting the width
of the coal pillar to approximately 20m or more
under frequent or continuous dynamic conditions is
reasonable in accordance with the displacement
change of the top and the floors.

5. Stress Analysis

Figures 10 and 11 show the maximum main stress wave
cloud diagrams of the roadway and coal pillars under the
static load and Northridge seismic waves. More models of
four seismic waves exist, and only the Northridge seismic
wave is selected for comparative analysis because of space
limitation. As shown in Figures 10 and 11, a low stress zone
is formed around the roadway under static and dynamic
conditions, and this result is due to the deformation of the
excavated chamber to unload the pressure. *ese findings
are similar to those of previous studies.

Under the static load, the stress concentration in coal
pillars with width of 5 and 7m is low. *is case is conducive
to the stability of the coal pillars. When the width is in-
creased from 9m to 20m, the stress concentration in the coal
pillar gradually increases. *e stress value gradually in-
creases from −10MPa at 9m coal column to −35MPa when

Artificial seismic wave
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Figure 8: Horizontal displacement curve of monitoring points: (a, c, e, g, i) horizontal displacement of monitoring point 1, m, and (b, d, f, h, j)
horizontal displacement of monitoring point 5, m.
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Figure 9: Continued.
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the width of the coal pillar is increased. *e symbol here is
opposite to the axis direction when the model is built; thus,
this stress distribution is negative. In the range of 9–20m,
the high-stress areas formed on the sides of the goafs and the
side of the roadway gradually converge, and this condition
forms a stress core with a high value, which is extremely
detrimental to the stability of the coal pillars, especially in the
process of mining. No convergence occurs between the stress
on the side of the roadway under the coal pillars with width
of 20–40m and the stress on the sides of the goafs due to the
distance, which is beneficial to the stability of the coal pillars.
However, the wide coal pillars reduce the rate of resource
extraction especially for the scarce types of coal to improve
the recovery rate. *e use of narrow coal pillars entry
protection is relatively economical.

Under the action of the Northridge seismic wave, the
stress value of the whole model is lower than that of the static
load.*is condition indicates that the stress concentration in

the coal pillars is not evident under the dynamic action.
However, the stress concentration area of the whole coal
pillars is still distributed on the solid coal side of the roadway
and inside the coal pillars but may gradually spread to the
top and the bottom. *e high value of local stress is at most
around 20MPa, which is relatively safe for the stability of
coal pillars. However, as mentioned earlier, the displacement
of the coal pillar side of the roadway increases as the
earthquake continues, and this condition may cause the risk
of instability for coal pillars that are subject to continuous or
frequent movement. *erefore, the narrow coal pillars
cannot ensure the safety of the coal pillars and roadway
under the dynamic action and should be increased to 20m or
more to ensure safety.

Figure 12 shows the vertical stress distribution within the
coal pillars in the adjacent goafs under 5 and 20m wide coal
pillars and the action of the Loma seismic wave. *e dis-
tances of a, b, c, and d to the goafs are 0.5, 1.5, 2.5, and 3.5m,
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Figure 9: Vertical displacement curve of monitoring points: (a, c, e, g, i) vertical displacement of monitoring point 3, m, and (b, d, f, h, j)
vertical displacement of monitoring point 7, m.
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respectively. As shown in Figure 12, the vertical stress is
higher than the vertical stress under 5mwide coal pillars and
is roughly distributed in the range of −25MPa to −40MPa.
Under the 5m wide coal pillar, the vertical stress in the coal
pillars ranges from 10MPa to −15MPa. Given the plastic
damage to the 5m wide coal pillar, the overlying strata and
roof can no longer be supported, and this condition shifts
the stress. Figure 12 shows that the vertical stresses in the 5
and 20m wide coal pillars are unevenly distributed in areas
closer to the goaf. Evident unevenness is observed when the
coal pillar is close to the goaf. With the increased distance
from the goaf, the stress gradually becomes uniform, which
indicates that the loose medium of the goaf causes uneven
stress of the coal pillar in the close range from the goaf, and
the influence of the position of the distance is gradually
reduced.

6. Distribution Analysis of the Plastic Zone

Figures 13 and 14 show the distribution of plastic regions
under the static load and Kobe seismic waves, respectively.
*e blue area represents the area where no plastic damage
has occurred, the red area represents the area where shear
damage has occurred, and the purple area represents the area
where stretching and shearing damages have occurred. As
shown in Figures 13 and 14, the plastic area under the static
load occurs around the roadway, and the plastic area under
dynamic action expands along the coal seam in the hori-
zontal direction with a striped distribution.

Under the static load, the area of the plastic zone in the
range of 5–15m is insignificantly reduced, but the plastic
area within the coal pillars always runs through the entire
coal pillars with the widening of the coal pillars. *erefore,
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Figure 10: Cloud diagram of the maximum principal stress tensor of different coal pillar widths under the static load.
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Figure 11: Cloud diagram of the maximum principal stress tensor of different coal pillar widths under the Northridge seismic wave.
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increasing the width of the coal column from 5m to 15m
does not reduce the plastic damage, which is affected by the
goaf. When the width of the coal pillar increases to 20m, the
plastic area within the coal pillar is gradually reduced. For
the coal mining, the coal pillar without plastic damage has
higher carrying capacity than that with plastic damage and is
relatively safe for coal mining. Wide coal pillars are often
used for coal mining in the past.

*e distribution of plastic areas under the influence of
seismic waves in a single roadway not affected by the goaf is
shown in the no gob of Figure 14. A certain range of shear
plastic failure areas occur around the roadway, the range of
which increases with the continuous occurrence of the
earthquake. *e distribution of plastic regions under the

action of Kobe seismic waves is different from that of static
load. With increased width of the coal pillar, the length of
the plastic area does not decrease significantly. *is finding
implies that the plastic area expands with the low strength
of the coal seam with the continuous seismic movement,
whereas the coal column, which plays a supporting role,
completely causes plastic damage. As mentioned earlier,
the amount of deformation of the coal pillar where plastic
damage occurs gradually increases as the earthquake
continues. After the plastic damage occurs, the carrying
capacity of the coal pillar is greatly reduced. At this point,
the risk can only be reduced by increasing the width of the
coal pillar or by strengthening the support of the coal pillar.
*e coal pillars under the frequent or the continuous
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Figure 13: Distribution of roadways and coal pillar plastic zone under the static load.
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Figure 12: Cloud diagram of the comparison of the vertical stress under 5 and 20m wide coal pillar under the Loma seismic wave: in
(a), (b), (c), and (d), vertical section distances to the goafs are 0.5, 1.5, 2.5, and 3.5 m, respectively.
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dynamic action have a large area of plastic damage. At this
time, the width of the coal pillar should be increased to
ensure safety.

7. Conclusions

*e seismic response analysis of coal pillars and roadways of
adjacent goafs was conducted using the numerical method
by utilizing the return airway of the 7435 working face in the
Kongzhuang Coal Mine as a case study. *e goaf was
established using a different bulk model from the past, which
was more in line with the actual situation of coal mining.
Under the FEM and the DEM, the seismic response analysis
was performed on coal pillars and roadways under different
coal pillar widths and four seismic waves. *is numerical
method can be used to determine the width of coal pillars in
gob-side entry driving.

*e results show that the effect of the bulk medium on the
surrounding continuous medium was simply verified because
of the effect of the dispersal contact stress, which led to the

nonuniform distribution of stress with the continuous me-
dium part of the bulk body and was confirmed in subsequent
calculations. For coal pillars and roadways in adjacent goafs
that were subject to frequent or sustained dynamic load, a
great difference between the static load and a single roadway
not affected by the goaf was observed.*e deformation of coal
pillars and roadways increased with the continuous dynamic
load. Narrow coal pillars showed this characteristic, and this
trend was reflected in the coal pillar deformation. *e stress
concentration in the coal pillar tended to weaken compared
with the static load with the continuous earthquake motion,
and the high-stress area gradually spread to the top and the
floors of the coal pillar. *e range of plastic areas in roadways
and coal pillars gradually expanded along the direction of weak
coal seams as the earthquake motion continued. For the coal
pillars and roadways in the adjacent goafs that were subject to
frequent or sustained dynamic loads, the width of the coal
pillar was increased to ensure the stability of roadways and coal
pillars, and the width of the coal pillar should be calculated and
determined according to the geological background and site.

30m
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Figure 14: Distribution of roadways and the coal pillar plastic zone under the Kobe seismic wave.
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It is very important to accurately determine the depth of excavation damaged zone for underground engineering excavation and
surrounding rock stability evaluation, and it can be measured by acoustic test, but there is no quantitative method for analysis of
the results, and it relies heavily on the experience of engineers, which leads to the low reliability of the results and also limits the
application of the acoustic method. According to substantial field test data and the feedback of surrounding rock support
parameters, the boundary method is proposed to determine the depth of excavation damaged zone in surrounding rock based on
the relation between the ultrasonic velocity of measured point and the background wave velocity of rock mass. When the method
is applied to the columnar jointed rock mass of Baihetan and the deep-buried hard rock of Jinping, the excavation damaged zone
was well judged.1e results in the Baihetan project show that the proposedmethod of determining excavation damage zone by the
acoustic test can well demonstrate the anisotropy characteristics of the columnar jointed rock mass, and the damage evolution
characteristics of jointed rockmass at the same position can also be obtained accurately. Moreover, the method also can accurately
reveal the damage evolution process of the deep-buried hard rock under the condition of high ground stress, which proved the
applicability of this method in jointed or nonjointed rock masses.

1. Introduction

With the intensification of energy utilization activities such as
mining, geothermal development, and hydropower station
construction, the stability of rock engineering is a common
challenge faced by engineers and researchers. As early as the
1970s, foreign scholars as Kelsall put forward the importance of
excavation damaged zone (EDZ) in construction of under-
ground caverns [1]. Scholars have also studied the relationship
between the depth of excavation damaged zone and its
influencing factors, such as the buried depth, the section shape
of caverns, the excavation and blastingmethod, the initial stress
state, the mechanical properties of the rock mass, and the
supporting state of the surrounding rock [2–6]. 1e depth of

EDZ and damage degree of surrounding rock are the basis of
support parameter design and can play an early warning role in
engineering disasters such as rock burst and spalling [7, 8].
1erefore, it is very important to accurately determine the
depth of EDZ for underground engineering excavation and
surrounding rock stability evaluation.

Although many scholars have obtained the theoretical
calculation formula of excavation damaged zone depth
according to the results of field test and indoor test, it has great
limitations due to the influence of complex engineering factors
in the application [9, 10]. 1e field measured EDZ depth does
not make any theoretical assumptions, and the test results can
be more widely accepted. Generally, GPRmethod [11], seismic
wave, multipoint displacementmeter [12], andmicroseism and
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acoustic emission [13] are used to detect the depth of fracture
zone in surrounding rock. However, these methods are
complicated, costly, and difficult to conduct.

Generally, the excavation damaged zone consists of two
parts.1e observed interconnectedmacrofractures are referred
to as the highly damaged zone, and the minor damaged zone is
partially connected to isolated damage and is even invisible
[14]. It is essential, for construction safety, to determine the
depth of excavation damaged zone in rock masses around a
tunnel. As a new testing method, drilling test technologies,
including acoustic testing, digital borehole televiewers, are now
widely used in field testing. During such tests, a borehole in
local zones of rock masses is used to deduce changes in the
internal properties of rock masses by analysing the test indexes
of internal rock masses far from the free face. For example, by
applying panoramic digital borehole televiewers, Li et al. [15]
investigated the evolution of the EDZ in rock masses in deeply
buried tunnels at the Jinping II Hydropower Station (Sichuan
Province, China) during construction using tunnel boring
machines (TBMs). On this basis, the changing characteristics of
new cracks, primary fractures, and lithology during the ex-
cavation and support process of surrounding rocks were
revealed. Moreover, by using testing technologies including
acoustic wave technology over holes and sliding micrometers,
the deformation conditions and rockburst risk, when exca-
vating deeply buried parallel cavities in Jinping II Hydropower
Station, were explored. Moreover, the formation and evolution
mechanism of rockbursts were also discussed [16]. By applying
acoustic testing technology, Martino and Chandler [17] eval-
uated the scope of EDZ in rocks surrounding deeply buried
underground cavities. Guo et al. [18] explored the fracturing
and evolutionary characteristics of EDZ in rocks surrounding
Jinping’s underground laboratory under the effect of excava-
tion by employing DBT. By utilising the borehole testing
method, a new understanding of the changes to the interior of
rock masses during engineering activities can be obtained.
Scholars havemade a lot ofmeaningful exploration on the EDZ
depth test by using acoustic testing method, but the current
research results do not provide a clear judgment method based
on the results of acoustic test. When the acoustic test is used in
the field to determine the depth of excavation damage zone, it
almost depends on the experience judgment of engineers,
which leads to the low reliability of the results.

In order to increase the operability of the acoustic testing
method in the field and improve the reliability of the EDZ
test results, the boundary method, based on a large number
of field measured data and the feedback of surrounding rock
support parameters, is proposed to determine the depth of
EDZ in surrounding rock, and the applicability of the
proposed method is verified by comparing with the digital
borehole televiewers test results.

2. Method of Determining the Depth of EDZ by
Acoustic Testing

2.1. Introduction to Acoustic Testing. Acoustic testing is to
excite the ultrasonic wave to propagate in the rock mass
medium, and the propagation speed of the wave depends on
the integrity of the rock mass. 1e wave velocity of intact

rock mass is generally high, but it decreases relatively in the
loose zone where the stress drops and the fracture expands.
1erefore, there is an obvious change of wave velocity in
rock mass with different damage degree. In highly damaged
zone, there are visible cracks in the rock mass, which can be
obtained by borehole television test. In minor damaged
zones, although there are no visible fissures, the propagation
of sonic wave velocity in this area still drops significantly
compared with that of the original rock mass. Moreover,
there is obvious uncertainty in the excavation disturbed
zone, part of which becomes the original rock zone as the
elastic deformation recovers, while the other part of rock
mass produces damage during stress dissipation (a crest in
the curve due to stress adjustment) and becomes part of the
excavation damaged zone (minor or highly damaged zone).
1e curve of wave velocity at different lengths of drilling
from the surface of surrounding rock can be obtained by
using the propagation characteristics of ultrasonic wave, and
then the EDZ depth of surrounding rock can be inferred
according to the variation curve (V-L curve) and relevant
geological data (Figure 1).

1e principle of acoustic testing is that the signal of
transmitting transducer propagates in rock mass, and the
time difference between two receiving transducers is used to
estimate the propagation velocity of ultrasonic wave in rock
mass. At present, the commonly used acoustic testing
methods are single borehole acoustic test and cross hole
acoustic test. 1e single borehole acoustic test method refers
to measuring of the wave velocity of surrounding rock in a
borehole by moving the transducers synchronously and
sequentially. Most of the single hole acoustic testing
equipment is a double-band acoustic transducer, which
mainly consists of one transmitting transducer and two
receiving transducers, as shown in Figure 2(a). 1e cross
hole acoustic test method means that the receiving and
transmitting transducers are respectively arranged in two
measuring holes, and the receiving and transmitting
transducers have the same initial depth and move syn-
chronously with the same spacing to measure the wave
velocity of rock strata or surrounding rock between the two
holes, as shown in Figure 2(b).

For the single hole acoustic test method, the transmitter
can be placed near or far away from the orifice according to
the test environment. When testing the EDZ depth of
surrounding rock, it is suggested that the transducer close to
the orifice can be set as the receiving transducer. 1e
measured wave velocity is the average wave velocity of rock
mass between two receiving transducers. When drawing the
V-L curve, the position of the wave velocity is the drilling
length corresponding to the middle position of the two
transducers. 1e distance between measuring points de-
pends entirely on the moving distance of the testing
equipment. Table 1 demonstrates four typical V-L curves
according to the results of practical engineering test.

1e initial wave velocity of type (a) is low and gradually
increases with the borehole length and then tends to be
stable, which indicates that the rock mass near the orifice
causes plastic failure. 1e damage degree decreases with the
increase of borehole length, and the integrity of the original
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rock section is good. 1e characteristics of type (b) are that
the wave velocity near the borehole opening is relatively low.
With the increase of length, the wave velocity at a certain
position will even exceed that of the original rock section
then decrease and then tend to be stable. In this kind of rock
mass, the fracture is serious at the borehole position, and
there is local stress concentration. 1e stress is relatively
balanced with the increase of borehole length and the wave
velocity is stable in the undisturbed original rock section.
1e characteristics of type (c) are that with the increase of
borehole depth, multiple wave peaks appear on the curve,
and the rock mass in this region is in the stress adjustment
stage. After the adjustment, the rock mass is fractured,
leading to a decrease in wave velocity. 1e wave velocity at
local position, where the stress has not dissipated well, is still
relatively high, and the rock mass in the undisturbed area
gradually tends to be stable with the increase of length. 1e
wave velocity of type (d) curve basically does not change
with the change of borehole length, which indicates that the
rock mass falls off directly after cracking, and there is no
obvious damage area in the surrounding rock, and it can be
considered that the surrounding rock in the test area has no
plastic failure, and this type of curve is very rare in practical
engineering.

2.2. Drilling Layout and Monitoring Frequency. 1e most
intuitive way to determine the damage area by in situ testing
is to conduct the test in predrilled hole before the tunnel
excavation. 1e borehole should be arranged in the corre-
sponding position where excavation damage is likely to
occur. A large number of engineering practices and studies
show that most of the cavity failure occurs at a small angle or
approximately parallel to the direction of the maximum
principal stress. For large deep caverns, with the occurrence
of new cracks or original cracks opening in the excavation of
caverns, the layout of boreholes should also be adjusted
according to the excavation of caverns.

1e layout of boreholes for acoustic testing needs to take
equipment requirements into account. 1e outside diameter
of the acoustic transducer is small, and the test process needs
to ensure sufficient coupling between the probe and the rock
mass, so the aperture of the test hole should not be too large.
A test borehole diameter that is too small will affect the
continuous testing process of the probe in the borehole and
further affect the accurate acquisition of test data. Generally,
the test borehole diameter should not be less than 60mm.
1e borehole shall be kept within the range of 1∼5°
downward inclinations for manual operation, and the
borehole axis shall be perpendicular to the section of the test
sidewall. On the other hand, when using the cross hole
acoustic test method, the two holes should have good
parallelism. 1e test hole spacing should be determined
according to the resolution of the instrument and the ex-
citation energy and ensure that the ultrasonic signal can be
well received, and the hole inclination measurement and
hole spacing correction should be carried out before the test.

All kinds of auxiliary small tunnels (such as anchoring
holes and drainage corridors) are often distributed around

large caverns. 1erefore, the layout of the test hole can
choose preset hole or temporary hole. Preset hole means that
the auxiliary tunnel can be used to set observation holes
before the excavation of the test area (Figure 3 ①), and the
whole process of surrounding rock damage evolution before
and after excavation can be observed. Temporary hole refers
to drilling from the excavated area (Figure 3②). In this way,
the damage evolution process of surrounding rock after
excavation and unloading can be tested.

1emain purpose of EDZ testing is to monitor the extent
of surrounding rock damage caused by excavation. When
surrounding rock damage and stress unloading may occur in
the observation hole, continuous observation should be
made until the change process stops. Generally speaking, the
stage of relatively severe development of surrounding rock
cracking occurs during the redistribution of surrounding
rock stress; that is, continuous excavation and unloading
activities will lead to severe evolution of surrounding rock
damage. 1erefore, when construction activity occurs near
the test hole, it should be observed closely. A large number of
in situ test results showed that the damage area of deep-
buried hard rock is distributed in the scope of 1-time ex-
cavated chamber diameter, so the acoustic test shall be
continuously observed during the construction of the double
chamber diameter. For example, the chamber diameter of
Jinping underground laboratory is 14m, and using drilling
and blasting method to dig 3m at a time, continuous ob-
servation is required during the construction within the
excavation activity range of 5 times away from the preset
hole, as shown in Figure 3(a).

2.3.MethodofDetermining theDepth of EDZ. According to a
large number of field test data, combining with the results of
support construction, the boundary method is proposed to
determine the depth of EDZ in surrounding rock. It is a
method to judge the critical point of surrounding rock EDZ
depth based on the variation curve of rock wave velocity with
drilling length (V-L curve), according to the relation be-
tween wave velocity of measured point and the background
wave velocity of rock mass. To be specific, it is necessary to
determine the background wave velocity of rock mass first.
1e background wave velocity of a single lithologic rock
mass should be the average value of the stable wave velocity
far away from the orifice, while for composite lithologic rock
mass, it should be the average value of the stable wave
velocity of the rock mass in same lithologic region as the
excavation damage zone (Figure 3). If the background wave
velocity cannot be determined by V-L curve, the average
value of undisturbed rock mass should be used instead,
which can be found in the report of hydrogeological in-
vestigation before the excavation of the cavern. 1en a
parallel X axis background wave velocity representative line,
a reference line to determine the extent of the damage, is
drawn on the V-P curve according to the wave velocity far
away from the excavation affected area. Finally, when the
wave velocity of three consecutive points (points a, b, and c
in Figure 4) near the orifice is smaller than the background
wave velocity and these points show an upward trend, the
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EDZ depth boundary is the closest measured point above the
background wave velocity representative line (point d in
Figure 4).

It is worth noting that when the EDZ depth of sur-
rounding rock is tested by a double receiver device, if the
emission transducer is placed near the orifice, the acoustic
wave of rock mass within the full length range of the device
cannot be accurately tested. 1is is because the energy

dissipation of acoustic signals released by the transmitter
near the orifice is faster, the rock mass at the orifice is
broken, and the acoustic signals entering the rock mass are
even weaker. If the damage zone of the surrounding rock is
small, the moving distance of the test equipment should be
small, and generally no more than 10 cm. If three points
lower than the intrinsic wave velocity cannot be found by
using the boundary method, the test position of all points

Minor damaged zone

Highly damaged zone

Excavated rock zone

Original rock zone

Depth of EDZ

Excavation damaged zone�e V-L curve

Excavation disturbed zone

Figure 1: Principle of determining the depth of EDZ by acoustic testing.
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Figure 2: Principle of determining the depth of EDZ by acoustic testing. (a) Single hole acoustic test. (b) Cross hole acoustic test.
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near the orifice closest to the representative line of the
background wave velocity can be determined as the damage
depth boundary (Figure 5).

3. Application in Engineering Cases

3.1. Application in Baihetan Engineering Project

3.1.1. Introduction of the Engineering. Baihetan Hydropower
Station is located on the border between Ningnan County in
Sichuan Province and Qiaojia County in Yunnan Province
on the lower reaches of the Jinsha River in China. According
to the lithology of formations exposed during excavation,
basalt of the Emeishan formation in the Permian system
(P2β) is mainly found at the dam site, in which developed
columnar jointed basalt appears in P2β32 and P2β33 layers.

1e special structure of columnar jointed rock masses
mainly appears as an abnormal development of joint fis-
sures, in which not only intercolumnar joints making up the
columnar body appear, but also intracolumnar vertical blind
joint planes and intracolumnar horizontal and inclined joint
planes are found. 1e statistical results pertaining to nearly
300 columnar joint planes within the elevation of 630∼660m
of the dam foundation at the left bank showed that the
proportions of columnar joints with triangular, quadran-
gular, pentagonal, and hexagonal sections are about 11.76%,
29.41%, 32.35%, and 26.47%, respectively. 1e average
length of the sides of these polygons is about 13.6 cm in
which the total number of polygons whose length of side is in
the range of 10∼20 cm accounted for more than 80% overall.
Columnar jointed basalts are intensively developed and the
columnar joints are cut by a quantity of low-dip structural

Table 1: Typical V-L curves according to the results of practical engineering test.

No Curve Description

(a)

V

L

I II

1e wave velocity V of rock mass near the orifice is very small. With the increase of hole
length L, the wave velocity of rock mass increases rapidly, and then the growth rate slows

down and gradually tends to be stable.

(b)

V

L

I
II III

1e wave velocity of rock mass can be divided into three distinct stages. Stage I is
relatively low near the orifice. With the increase of hole length L, the wave velocity in
stage II increases and then decreases within a certain range, and then the wave velocity

gradually tends to be stable in stage III.

(c)

I
II III

V

L

1e wave velocity of rock mass also can be divided into three stages: stage I is near the
orifice, and there are many wave peaks and troughs; the maximum wave peak appears in
stage II, and stage III is that after the last wave peak far away from the orifice. 1e rock

wave velocity gradually decreases and tends to be stable.

(d)

V

L

1ere is no obvious change of wave velocity.
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planes and dislocation zones. As a result, except for some
zones influenced by tectonics, the inclinations of axes of
columnar jointed basalts are all between 60° and 85°.

In the experimental cavern, there are three types of
drilling holes with the same diameter in the side wall, which
are 45° updipping, 45° horizontal, and 45° downward as
shown in Figure 6.

3.1.2. Excavation Damaged Zone of the Jointed Rock Mass
from Different Boreholes. In the columnar jointed rock mass
cavern, the highly damaged zones in rock mass measured by
boreholes with different angles on the left wall are almost the
same, while the excavation damaged zones determined by
acoustic wave tests vary from each other (Figure 7), and their
evolution rules are also different, which is mainly caused by
the different relative positions of the primary jointed surface
and the borehole. 1e greater the angle of intersection be-
tween the borehole and joint surface, the greater the am-
plitude of change of acoustic wave propagation path, and the
more the number of joints across the borehole per unit
length, the more energy loss of acoustic wave in the
propagation process. 1e microfractures in the column
expand or break through after the formation of the hole, so
that when the boreholes from different angles cross the
columnar jointed rock mass, the number of fissures in the
drilling wall per unit length is obviously different. 1is is an
important reason that the wave velocities of the original rock

mass differ greatly from each other by drilling tests from
different angles.

E4 refers to the boreholes at the left spandrel of the
diversion tunnel on the left bank of Baihetan Hydropower
Station. 1e evolution of HDZ and EDZ in borehole E4
during different excavation stages was monitored in real
time. According to the initial data from boreholes, there
were six primary through-going fractures and a block
dropping event in the borehole, with the length of HDZ and
EDZ being 1.9m and 2.4m. After the working face passed
4m from the measurement point, new fractures appeared at
distances of 0.7m and 2.0m and a block dropped at 0.9m
along the borehole. Moreover, the fracture at 1.9m extended
from 25.1mm to 86.6mm in width. When the working face
was 9m from the measurement borehole, new fractures
appeared at 0.6m and 1.6m and a block dropped at 1.1m
within the borehole. Moreover, the fracture at 1.9m further
extended from 86.6mm to 131.2mm in width. 1e fracture
at 2.0mwas connected with other fractures and the length of
the fracture zone increased to 2.1m, and the length of ex-
cavation damaged zone increased to 2.8m as well (Figure 8).

3.2. Application in Jinping Deep Underground Laboratory

3.2.1. Introduction of the Engineering. Jinping Deep Under-
ground Laboratory (CJPL-II) is situated in the geomor-
phological slope between Sichuan Basin and Qinghai-Tibet

I

II

II

1

1

12345 1 2 3 4 5Direction of the
excavation

Preexcavated auxiliary tunnel

Preset hole

Cavern to be
excavated

Temporary borehole 

1

2

(a)

Preset hole ① III II

III
Preexcavated

auxiliary
tunnel

Cavern to be excavated

Temporary
borehole ②

(b)

Figure 3: Layout of the test hole for acoustic testing. (a) Plane view and (b) section view of 1-1.
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Plateau. It is located in Jinping Mountain at the lower
reaches of Yalong River and the junction of Muli, Yanyuan
and Mianning counties, Sichuan, 1e cliff of Jinping
Mountain stands precipitously, and the ridge is mostly in the
shape of sharp edge, and the ridge on both sides of the main
ridge is in the shape of comb, and the maximum relative
height difference exceeds 3000m (Figure 9).

Jinping Deep Underground Laboratory II phase (CJPL-
II) RockMechanics Underground Laboratory buried 2375m
belongs to the ultradeep underground laboratory. According
to the functional design requirements of the second phase of
Jinping Deep Underground Laboratory, combined with
geological conditions, existing caves arrangement and
construction conditions, the underground laboratory con-
sists of four staggered traffic holes, each hole is 130m long,
with two test holes of 65m in length, forming an overall
pattern of 4 holes with 9 chambers, as shown in Figure 10.
1e axis direction of test holes is parallel to the auxiliary
guide hole of Jinping, and the axis azimuth is N58°W, and
the excavation process for 1#∼8# test hole, gate shaped with
section of 14×14m, can be divided into three steps, in-
cluding upper middle drift excavation (Step I), upper ex-
pansion excavation (Step II), and bottom excavation (Step
III). While the 9-1# test hole is a 5m circular chamber with
full section excavation, the main supporting methods are

bolt and shotcrete. 1e lithology of test grotto #2, #3, and #4
in the engineering area changed significantly.

3.2.2. Excavation Damaged Zone of the Jointed Rock Mass
from Different Boreholes. C-04 is a preset drill hole before
the excavation of 6# test grotto (Figure 11). 1e lithology is
gray marble.1e drill hole is shown in Figure 10. On April 1,
2015, the acoustic wave velocity of C-04 hole and the initial
borehole camera data were measured before excavation. 1e
original rock wave velocity of the gray marble was measured
to be 5800 km/s, except that it decreased slightly in the region
where the original fracture was located, and the wave velocity
of the rock mass in the whole section was stable. 1e exca-
vation of 6# test grotto began in May 2015, and the damaged
area gradually emerged and evolved during the excavation
stage. On August 25, 2015, when the upper expansion ex-
cavation was 8m away from the measuring hole, the borehole
camera and acoustic test within 4m of the surrounding rock
were carried out in situ. 1e results of borehole photography
showed that several new cracks have been added in the hole,
and the original cracks have opened locally, forming a 2.1m
highly damaged zone. According to the “boundary method”
proposed in this paper, the depth of excavation damaged zone
by acoustic test was about 3.1m (Figure 12).
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C-02 is a preset drill hole before the excavation of 2# test
grotto. 1e lithology is black-streaked fine-grained marble.
1e drilling is shown in Figure 11. On April 1, 2015, the
acoustic wave velocity of C-02 and the initial borehole
camera data were measured before excavation. 1e original
rock wave velocity was 6000 km/s, which indicated that,
compared with gray marble in C-04, the black-streaked fine-

grained marble in C-02 has higher strength and better rock
integrity. On September 18, 2015, when the bottom exca-
vation was 4m away from the measuring drilling, the
borehole camera and acoustic test within 4m of the sur-
rounding rock were carried out in situ. 1e results of
borehole photography showed that several new cracks have
been added in the hole, and the original cracks have opened
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Figure 6: Columnar joint basalt on the slope of dam foundation in Baihetan.
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locally, forming a 1.1m highly damaged zone. According to
the “boundary method” proposed in this paper, the depth of
excavation damaged zone by acoustic test was about 1.6m,
as shown in Figure 13.

4. Discussion

Because of its simple operation and high test accuracy,
acoustic test is superior to other test methods, so it occupies
the mainstream position of current test methods to deter-
mine the depth of EDZ in surrounding rock mass.

However, in practical engineering, the acoustic wave
velocity of surrounding rock is not only affected by the
damage of surrounding rock, but also by the inhomogeneity

of lithology and fault structure, etc., so it would be more
complex, which increases the difficulty in determining the
EDZ depth of rock mass to some extent. In addition, the
deformation and fracture of rock mass are generally the
results of progressive damage degradation and continuous
accumulation process from the initial microdefects to the
final fracture failure, which is also the result of the con-
tinuous expansion and penetration of internal microdefects.
Sometimes the proposed method is not applicable in zonal
fractured rock masses (Figure 14). In zonal fractured rock
masses, determining of EDZ depth requires combining
testing purposes. For example, if it is used for surrounding
rock bolting; the nature of the rock mass and the length of
partition should be taken into consideration.
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5. Conclusions

1e accurate determination of excavation damaged zone
depth directly affects the reasonable selection of supporting
parameters after excavation of surrounding rock. On the
basis of previous studies, the commonly used acoustic
testing method is demonstrated in this work, and the
method of determining excavation damage zone by acoustic
testing is proposed. 1e main conclusions drawn as follows.

(1) For jointed rock mass, the anisotropy is the main
factor affecting the propagation law of acoustic wave.
1e depth of excavation damaged zone obtained by
acoustic wave represents the damage degree of rock
mass affected by excavation in this direction. 1e
damage evolution of rock mass at the same position
after excavation obtained by acoustic test is con-
sistent with the fracture evolution of borehole tele-
vision, but the acoustic wave test results can better
reflect the influenced area under excavation.

(2) For deep-buried hard rock, the damage evolution
characteristics of rock mass are obviously correlated
with lithology. Although the background wave ve-
locity of different hard rocks varies significantly, the
depth of excavation damaged zone obtained by
acoustic wave test can also reflect the differences in
the evolution process.

(3) 1e proposed method is based on the basic law of
rock damage evolution and the propagation char-
acteristics of acoustic waves in rock media of dif-
ferent states. 1e acoustic wave testing method is
simple and easy to operate, and the proposedmethod
for analysing test results is highly operable and re-
liable in both preset and newly arranged drilling
holes.
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+e joint configuration and the intermediate principal stress have a significant influence on the strength of rock masses in
underground engineering. A simple three-dimensional failure criterion is developed in this study to predict the true triaxial
strength of jointed rock masses. +e proposed failure criterion in the deviatoric and meridian planes adopts the elliptic and
hyperbolic forms to approximate the Willam–Warnke and Mohr–Coulomb failure criterion, respectively. +e four parameters in
the proposed failure criterion have close relationships with the cohesion and the internal friction angle and can be linked with the
joint inclination angle using a cosine function. Two suits of true triaxial strength data are collected to validate the correctness of the
proposed failure criterion. Compared with other failure criteria, the proposed failure criterion is more reasonable and acceptable
to describe the strength of jointed rock masses.

1. Introduction

Rock mass strength is an extremely important parameter in
predicting the stability of geoengineering such as rock
slopes, dam foundation, and deeply buried tunnels [1]. Due
to the existing joints, rock mass strength is anisotropic [2–8].
In addition, true triaxial stress state (σ1> σ2> σ3) is more
universal with the increasing depth of engineering. +e
influence of σ2 on the compressive strength of jointed rock
masses has been investigated extensively in the experimental
tests [9–14]. +erefore, establishing a strength criterion
considering both the joint and σ2 dependency is essential for
better designing the layout and construction of underground
engineering.

A large number of research papers are concentrated on
rock strength. Among others, the Mohr–Coulomb failure
criterion [15] and the Hoek–Brown failure criterion [16]
are most widely used because of their simplicities. How-
ever, these two failure criteria ignore the σ2 effect. Based on
the true triaxial strength data, the authors in [17–21] have

proposed the three-dimensional failure criteria which can
describe the variation in the rock strength with increasing
σ2 very well. +ere are also some popular true triaxial
failure criteria [22–24]. However, these failure criteria are
applicable for intact rock and do not consider the joint
effect.

To develop a failure criterion considering the joint effect
under true triaxial compression, Tiwari and Rao [14] in-
troduced the joint effect into the generalized von Mises
theory [20]. In addition, enormous research studies [25–27]
have extended the Hoek–Brown failure criterion into the
three-dimensional form to predict rock mass strength.
Moreover, Singh and Singh and Zhang et al. [28, 29]
established a modified Mohr–Coulomb criterion for the
polyaxial strength of rock masses, and Rafiai [30] proposed
an empirical criterion for rock mass strength under mul-
tiaxial state on the basis of a comprehensive experimental
database. Based on the research in [7, 10, 30], the modified
nonlinear criteria are presented to determine the strength of
rock masses.
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Most of the abovementioned failure criteria can only
consider the effect of the joint or σ2 on the prediction of rock
mass strength. In addition, some aforementioned failure
surfaces in three-dimensional principal stress space are not
absolutely continuous, which could present difficulties in
numerical calculations. To overcome these problems, the
true triaxial failure criterion proposed in this paper adopts
the modifiedWillam–Warnke yield criterion and hyperbolic
function in the deviatoric and meridian planes, respectively.
Moreover, the adopted hyperbolic function takes the
Mohr–Coulomb criterion as the asymptote in the meridian
plane. To valid the correctness of the developed failure
criterion, it is employed to fit two suits of true triaxial
strength data of rock masses.

2. A Failure Criterion for Jointed Rock Masses

Within this paper, tensile stress is considered positive and
compressive stress is negative. A general form of a failure
criterion suggested in [31] can be expressed in a quadratic
function:

F τoct, σoct, θσ( 􏼁 � ασoct
2

+ βσoct + c + σ+
2

� 0, (1)

where σ+ � τoct/g(θσ); θσ is the Lode angle (θσ �

1/3cos− 1(3
�
3

√
J3/2J3/22 )), where J2 (J2 � 1/6[(σ1 − σ2)

2

(σ2 − σ3)
2 + (σ3 − σ1)

2]) and J3 (J3 � (σ1 − σoct)(σ2 − σoct)
(σ3 − σoct)) are the second and third invariants of the
deviatoric stress tensor, respectively; τoct and σoct are the
octahedral shear and normal stresses

(τoct � 1/3
�����������������������������

(σ1 − σ2)
2 + (σ2 − σ3)

2 + (σ3 − σ1)
2

􏽱

and
σoct � (σ1 + σ2 + σ3)/3); and α, β, and c are material con-
stants. First, the dependency of τoct on θσ in the deviatoric
plane perpendicular to the hydrostatic axis is determined;
namely, g(θσ) is obtained. +en, the influence of σoct on σ+

can be investigated in the meridian plane.

2.1. True Triaxial Failure Criterion in the Deviatoric Plane.
+e failure curve in the deviatoric plane displays the fol-
lowing significant characteristics of rock failure: (i) con-
tinuous, smooth, and convex; (ii) a closed curve or vertex;
and (iii) symmetric with respect to three principal stress
axes. For this purpose, an elliptical form developed in [32] is
adopted here to express the relationship between g(θσ) and
θσ :

g θσ( 􏼁 �
R +(2K − 1)

������������������

2R cos θσ + 5K
2

− 4K

􏽱

2R cos θσ +(1 − 2K)
2 , (2)

where R � 2(1 − K2)cos θσ ; K is the ratio (K � τoct,ae/τoct,ac)
between the strength (τoct,ae) for axisymmetric extension and
the strength (τoct,ac) for axisymmetric compression; 0° ≤ θσ ≤
60° and θσ � 0° (g(θσ) � K) for axisymmetric extension; and
θσ � 60° g(θσ) � 1 for axisymmetric compression.

It is notable that g(θσ) in (2) unconditionally satisfies the
abovementioned properties of a failure criterion in the
deviatoric plane for the range 0.5≤K≤ 1. +erefore, taking
θσ as the independent variable, g(θσ) is only a function of K.

Figure 1 shows that the shapes of the failure curves in the
deviatoric plane changes with K. More specifically, as K
varies from 0.5 to 1, failure surfaces gradually change from a
triangle to a circle. It can be seen that the Willam–Warnke
failure criterion is more appropriate than the
Mohr–Coulomb failure criterion, and the Willam–Warnke
criterion can change into the Mises criterion when K� 1.
Here, to present the joint effect on the failure function in the
deviatoric plane, the parameter K depends on both the joint
inclination angle β and σoct, namely, K � K(σoct, β). If K is
constant at different σoct, g(θσ) is only a function of β. +us,
the joint inclination angle β can describe the influence of the
joint on the failure surfaces in the deviatoric plane.

2.2. True Triaxial Failure Criterion in the Meridian Plane.
As pointed out by equation (1), once g(θσ) is determined
using equation (2), a true triaxial failure criterion can be
obtained if the relationship between σ+ and σoct is known.
Here, a hyperbolic function (as shown in Figure 2) is
adopted because of its simplicity and continuity to present
the failure criterion in the meridian plane.+us, equation (1)
can be defined by

F τoct, σoct, θσ( 􏼁 �
σoct − d

a
􏼠 􏼡

2

−
σ+

b
􏼠 􏼡

2

− 1 � 0, (3)

where a, b, and d are material constants. Figure 3 exhibits a
typical failure surface of the proposed criterion in the
principal stress space.

2.3. Determination of the Parameters in the Failure Criterion.
Generally, equation (3) has four parameters: K, a, b, and d.
As mentioned above, K can be determined by the strength
ratio under axisymmetric extension and compression at
different β and σoct and be given by

K �
τoct,ae σoct, β( 􏼁

τoct,ac σoct, β( 􏼁
. (4)

–σ1

Mises

Mohr–Coulomb

–σ2
–σ3

K = 0.5
0.6
0.7
0.8
0.9
1.0

θσ

Figure 1: +e Willam–Warnke failure criterion in the deviatoric
plane with different K values.
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To determine the values of the other parameters, the
hyperbolic function in equation (3) approximates the
Mohr–Coulomb failure criterion for axisymmetric com-
pression (g(θσ � 60°) � 1) in the meridian plane (as shown
in Figure 2). +e Mohr–Coulomb failure criterion at θσ �

60° can be expressed by

F τoct, σoct, θσ( 􏼁 � σ+ +
2

�
2

√
sinφ

3 − sinφ
σoct −

2
�
2

√
c cosφ

3 − sinφ
� 0,

(5)
where c andφ are the cohesion force and internal friction angle.
Taking the Mohr–Coulomb line as the hyperbolic asymptote,
the parameters a, b, and d are then obtained as follows:

b

a
�
2

�
2

√
sinφ

3 − sinφ
,

d � c cotφ.

(6)

+e parameter a can be fitted by a series of simple ex-
perimental tests under axisymmetric compression. As the
parameter a tends to be 0, equation (3) is getting closer to the
Mohr–Coulomb failure surfaces in the meridian plane. In
addition, g(θσ)MC in equation (5) is given by

g θσ( 􏼁MC �
3 − sinφ

2
�
3

√
cos θσ − π( 􏼁/6( 􏼁 − 2sinφsin θσ − π( 􏼁/6( 􏼁

.

(7)

+us, the strength ratio KMC under axisymmetric ex-
tension and compression can be calculated using the
Mohr–Coulomb failure criterion.

KMC � g θσ � 0°( 􏼁MC �
3 − sinφ
3 + sinφ

. (8)

If equation (4) is simply substituted by equation (8), four
unknown parameters (K, a, b, and d) in equation (3) become
three (a, c, and φ) using equations (6) and (8). It is noted that
the joint inclination angle β affects the unknown parameters
(a(β), c(β), and φ(β)).

3. Validation of the Proposed Failure Criterion

+e validity of the proposed failure criterion in this study is
discussed using two following examples. +e prediction
accuracy is also analyzed and compared with other strength
criteria.

3.1. Example 1. +e true triaxial strength data for the first
example are derived from the experimental results of [9].
+is test was conducted on jointed marble which contains a
natural joint plane with a rectangular prismatic size
(50× 50×100mm3). Table 1 lists the derived test data.

+e proposed failure criterion is used to model these
selected strength data, and the calculated results are also
listed in Table 1. Figure 4 presents the comparisons of the
predicted strength σ1cal with the experimental data σ1exp.+e
reference line (σ1cal � σ1exp) is also demonstrated in Figure 4
to exhibit the calculation accuracy. All of the data points are
concentrated around the reference line, which indicates that
the predictions by the proposed failure criterion are gen-
erally consistent with the experimental data.

+e linear Mogi–Coulomb failure criterion [17] was
adopted in [9] to fit the test data and is defined by

τoct �
2

�
2

√

3
c cosφ +

2
�
2

√

3
sinφσm,2,

σm,2 �
σ1 + σ3

2
,

(9)

where σm,2 is the effective mean stress. Here, the fitting
results by these two failure criteria are compared in Figure 5,
and the relationship between σ1cal and σ1exp can be expressed
by

σ1cal � 1.0049σ1exp (R2 � 0.9042),

σ1cal � 1.0059σ1 exp(R2 � 0.9189),
(10)

–σ1

–σ2

–σ3

Figure 3: +e typical failure surface in the principal stress space.

a

Mohr–Coulomb

–σoct

σ+ (τoct/g(θ))

d

0

Figure 2: +e hyperbolic function to approximate the
Mohr–Coulomb failure criterion for axisymmetric compression in
the meridian plane.
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Table 1: True triaxial compression strength of experimental and predicted results of jointed marble (data from [9]; here, compressive stress
is considered positive).

σ3 (MPa) σ2 (MPa)
σ1exp (MPa), test data at joint inclination angle β (°) σ1cal (MPa), calculated data at joint inclination angle β

(°)
0 20 40 60 80 90 0 20 40 60 80 90

0 0 158.59 100.79 73.76 77.57 112.21 141.07 146.23 110.16 81.81 84.31 118.00 144.63
10 60 279.94 296.43 272.40 240.12 242.96 258.62 276.72 254.21 220.28 202.30 224.88 240.92
30 60 332.25 361.55 330.96 305.12 338.63 357.16 354.39 339.66 319.75 307.68 300.75 304.06
30 90 409.76 387.18 363.12 337.69 311.01 297.24 395.24 384.82 363.43 337.62 330.11 331.26
30 120 377.51 366.23 350.79 333.50 316.97 309.78 427.12 421.00 397.62 357.13 350.11 349.71
K _ _ _ _ _ _ 0.7196 0.7221 0.7011 0.6651 0.7084 0.7272
a _ _ _ _ _ _ 22.64 23.38 5.58 12.21 23.07 25.38
b _ _ _ _ _ _ 17.98 19.34 4.84 10.37 17.15 17.24
d _ _ _ _ _ _ 40.96 30.27 17.54 20.26 38.97 55.32
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Figure 4: Continued.
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where equation (10) refers to the fitting results by the linear
Mogi–Coulomb and proposed failure criteria, respectively.
Table 2 also shows the percentage error in predicting
strength data of jointed marble. Obviously, the proposed
failure criterion has higher accuracy than the
Mogi–Coulomb criterion. +erefore, the proposed failure

criterion is reasonable and applicable to predict the true
triaxial strength of jointed rock masses.

3.2. Example 2. +e strength data for example 2 are collected
from the test results of [14]. +is series of true triaxial tests

500

400

300

200σ 1
ca

l (
M

Pa
)

σ1exp (MPa)

100

0
0 100

1:1

200 300 400 500

β = 80°

(e)

500

400

300

200σ 1
ca

l (
M

Pa
)

σ1exp (MPa)

100

0
0 100

1:1

200 300 400 500

β = 90°

(f )

Figure 4: +e comparison results of the calculated and experimental strength of jointed marble for different joint inclination angles: (a–f)
β� 0°, 20°, 40°, 60°, 80°, and 90°.
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Figure 5: +e fitting results of all the experimental strength of jointed marble: (a) the linear Mogi–Coulomb failure criterion and (b) the
proposed failure criterion.
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Table 2: Percentage error in predicting strength data of jointed marble.

σ3 (MPa) σ2 (MPa)
Percentage error in predicting strength data at joint inclination angle β (°)

0 20 40 60 80 90
0 0 7.79 9.30 10.91 8.69 5.16 2.52
10 60 1.15 14.24 19.13 15.75 7.44 6.84
30 60 6.66 6.05 3.39 0.84 11.19 14.87
30 90 3.54 0.61 0.08 0.02 6.14 11.45
30 120 13.14 14.95 13.35 7.09 10.46 12.89

Average of this paper 6.46 9.03 9.37 6.48 8.08 9.71
Average of the Mogi–Coulomb

criterion [17] 4.88 10.43 11.80 8.52 9.17 11.57

Table 3: True triaxial compression strength of experimental and predicted results of rock mass models (data from [14]; here, compressive
stress is considered positive).

σ3 (MPa) σ2 (MPa)
σ1exp (MPa), test data at joint inclination

angle β (°) 1cal (MPa), calculated data at joint inclination angle β (°)

0 20 40 60 80 90 0 20 40 60 80 90
0.31 0.31 6.81 4.23 2.92 1.84 4.91 7.28 6.81 4.35 2.96 1.87 5.08 7.04
0.31 0.59 7.78 5.01 5.32 2.85 6.76 8.68 7.42 5.05 3.85 2.27 5.71 7.66
0.31 0.95 7.65 6.05 7.34 3.67 7.69 8.34 7.87 5.78 4.89 2.64 6.39 8.11
0.31 1.22 9.32 7.41 7.96 4.24 8.27 7.33 8.09 6.26 5.62 2.86 6.84 8.35
0.31 1.62 9.32 8.68 8.54 7.53 8.54 9.18 8.33 6.90 6.67 3.09 7.44 8.59
0.78 0.78 9.76 7.23 6.26 3.54 7.73 9.54 9.76 6.99 6.18 3.47 7.39 10.05
0.78 1.22 10.6 9.01 9.38 4.99 8.59 10.65 10.68 8.08 7.59 4.10 8.36 10.99
0.78 2.24 11.45 10.6 11.91 7.66 10.86 11.97 11.67 10.03 10.52 5.08 10.13 12.00
1.22 1.22 12.51 9.32 9.13 4.93 9.36 13.13 12.52 9.45 9.18 4.96 9.55 12.87
K _ _ _ _ _ _ 0.6109 0.7475 0.8433 0.8309 0.7666 0.6085
a _ _ _ _ _ _ 0.001191 0.001393 0.001269 0.001199 0.001474 0.002107
b _ _ _ _ _ _ 0.001073 0.001193 0.001185 0.000753 0.001179 0.001917
d _ _ _ _ _ _ 0.9252 0.5677 0.1452 0.3420 0.9118 0.9330

15

12

β = 0°

9

6σ 1
ca

l (
M

Pa
)

σ1exp (MPa)

3

0
0 3

1:1

6 9 12 15

(a)

15

12

β = 20°

9

6σ 1
ca

l (
M

Pa
)

σ1exp (MPa)

3

0
0 3

1:1

6 9 12 15

(b)

Figure 6: Continued.
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were carried out on rock mass models with different joint
inclination angles, which is made using similar material and
contains three joint sets. Table 3 summarizes the strength
data of both experimental and calculated results.

Figure 6 shows the comparison results of the calculated
and experimental strength of jointed blocky mass. +e data
points except the joint inclination 60° are almost around the
reference line.+us, Figure 7 gives the fitting results of all the
data and the data except the joint inclination 60°, and the
relationship between σ1cal and σ1exp can be given by

σ1cal � 0.9247σ1exp(R2 � 0.8738),

σ1cal � 0.9400σ1exp(R2 � 0.9907),
(11)

where equation (11) refers to the fitting results using all data
and all data except the joint inclination 60°, respectively. In
addition, two similar relationships suggested in [10, 28] are
defined as follows:

σ1cal � 1.0150σ1exp(R2 � 0.9383),

σ1cal � 1.0706σ1exp(R2 � 0.8268).
(12)

Table 3 also exhibits the percentage error in predicting
strength data of rock mass models using these three strength
criteria. Generally, compared with the modified
Mohr–Coulomb failure criterion [28] and the empirical
strength criterion [10], the proposed failure criterion in this
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Figure 6: +e comparison results of the calculated and experimental strength of jointed blocky mass for different joint inclination angles:
(a–f) β� 0°, 20°, 40°, 60°, 80°, and 90°.
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study has higher correlation coefficient and smaller average
percentage error, as shown in Table 4, which indicates that
the proposed failure criterion is acceptable.

4. Conclusions

To investigate the influence of the joint orientation and σ2 on
the strength characteristics of jointed rock masses, a three-
dimensional failure criterion is developed and is validated by
two examples of true triaxial test results. Some important
conclusions can be drawn as follows:

(1) +e proposed failure criterion in the deviatoric
plane adopts the elliptic form based on the Will-
am–Warnke failure criterion. +e joint effect is
considered by only one parameter, strength ratio K.

(2) +e proposed failure criterion in the meridian plane
uses the hyperbolic function to approximate the
Mohr–Coulomb failure criterion so that the pa-
rameters can be linked with the cohesion and the
internal friction angle.

(3) +e proposed failure criterion in the presented
study can achieve small percentage error and high
correlation coefficient to predict the true triaxial
strength data in two examples.
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To reveal the failure mechanism of tunnel structure under active fault movement, based on the pseudostatic elastoplastic finite
element method, the failure modes of the tunnel lining are studied under different movement ratios of strike-slip faults and thrust
faults with 45° dip angle by using numerical simulation. ,e results show that the range of significant lining failure section can be
determined according to any direction of the coupling fault movement decomposition direction, and the damage effect is
determined by the overall movement amount of the coupling fault. ,e significant damage area of the lining under the action of
the coupling fault is the same as the area of deformation, which mainly manifests as tensile failure. Compressive failure occurs in
the boundary area between the fracture zone and the hanging wall and foot wall. ,e plastic strain is the largest in the area where
the arch waist and the arch bottom intersect. ,e development of tunnel lining plastic zone under coupling fault is from arch top
and arch bottom to both sides of the arch waist.,e development of the plastic zone under active fault is mainly determined by the
form of fault with a large ratio. ,e research results can provide a reference for the design and safety evaluation of tunnel crossing
active faults.

1. Introduction

,e underground structure has better antivibration per-
formance under the pressure of surrounding rock, but re-
lated studies have shown [1–4] that the tunnel structure that
crosses an active fault will cause more catastrophic damage
under the movement of the active fault and even cause the
structure to collapse [5–7], which will cause considerable
economic losses. In the construction of tunnel engineering,
relevant codes stipulate the fault section based on the
principle of avoidance. However, the direction of the tunnel
route nowadays is more inclined to its demand for traffic
function, resulting in increasing section tunnels inevitably
crossing the active fault zone [8, 9].

At present, domestic and foreign experts and scholars
have achieved some meaningful results in the study of

tunnels through active faults. Chen [10] established the
surface fracture zone length caused by fault movement in the
Taiwan area, the east and west of China, Japan, and India.
Two statistical regression formulas for fracture length and
magnitude were established to estimate the length of the
surface fracture zone through the magnitude and estimate
the magnitude through the length of the surface fracture.
Wells and Coppersmith [11] collected 244 relatively com-
plete seismic records for statistical analysis and established
the relationship between the magnitude and surface, un-
derground fracture length, and surface movement world-
wide. Cole and Lade [12] gave a simplified model for
predicting the shape and distribution of ground fractures
caused by bedrock movement through sand box test and
theoretical analysis and summarized three key factors that
have an impact: soil thickness, dilatancy angle, and fault dip.
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Bransby et al. [13, 14] simulated normal and inverse faults
with a fault dip of 60° through centrifuge tests, considering
the effect of changing the load on the upper part of the soil
layer and changing the position of the rigid foundation on
the fracture of the soil layer. Lin et al. [15, 17] simulated the
deformation and failure characteristics of tunnels under
thrust fault movement through the designed fault test device,
studied the influence of relevant parameters on the tunnel
structure, and verified the experimental conclusions by
numerical simulation. Sabagh and Ghalandarzadeh [18]
used a series of finite element numerical models to evaluate
the behavior of tunnel and reverse fault intersections. ,e
numerical simulation results of 60° reverse fault in free field
mode and tunnel mode are verified by centrifugal test. An
et al. [19] proposed a two-level design method of fault
dislocation and established a three-dimensional finite ele-
ment model to estimate the tunnel response under fault
dislocation. Zhang et al. [20] established a three-dimensional
geomechanical model with faults, used the regional inver-
sion method to obtain the regional stress field distribution
under the fault condition, and used the mathematical sta-
tistics method to obtain the initial stress field of Daxiangling
tunnel. Taking the inclined shaft of Muzhailing highway
tunnel as the engineering background, Tao et al. [21]
evaluate the supporting effect of carbonaceous slate and the
deformation of surrounding rock through model test.

,e above research results are of great significance to the
construction of tunnels crossing active faults, but also face
some complex problems. For example, the preliminary work
of statistical data is complicated, and the data is numerous,
the mechanism of fault fracture is more complicated, the
dispersion of test results is large, the numerical simulation
has limitations, etc. Current research needs to be further in
depth for guiding engineering practice and seismic design.
On the basis of summarizing previous studies, this paper
uses a pseudostatic elastic-plastic finite element analysis
method based on a domestic tunnel project and estimates the
structural damage of the lining from the deformation
mechanism, the maximum principal stress distribution and
the development of the plastic zone through a large number
of calculations, and the failure mechanism of the lining
under the complex coupling action of the fault is revealed.

2. Three-Dimensional Finite Element
Numerical Model Establishment and
Parameter Selection

Relying on an actual tunnel in China, based on the three-
dimensional finite element software ABAQUS, this paper
established a three-dimensional finite element model of the
fracture zone with a 45° dip angle with different strike-slip
and thrust ratios. According to the survey data in the
preconstruction period, the width of the model fracture zone
is 40m and 180m before and after the fracture zone is taken
to establish a tunnel calculation model for coupling active
fault. ,e cross-sectional shape of the tunnel is drawn with a
five-centered circle similar to the actual project. ,e max-
imum inner diameter is 10m, the height is 7m, the lining

wall thickness is 0.5m, and the tunnel buried depth is 28m.
,e domestic tunnel construction empirical practice believes
that when the transverse section size is 5–10 times the tunnel
section size, the artificial boundary has little effect on the
calculation results [22]. ,erefore, the cross section size of
the model is 70m, which is 10 times the height of the tunnel
and 7 times the width. ,e model size is
400m× 70m× 70m, and the model calculation diagram is
shown in Figure 1.

As shown in Figure 1, the abcd segment is the hanging
wall area of the active fault, and the efgh segment is the foot
wall area of the active fault. ,e fault movement is realized
by applying constraint boundary conditions and applying
displacement load boundary conditions. ,is calculation
model simulates the failure of the lining under different fault
displacements and different ratios of the two displacements.
,e coupling fault displacement is dominated by thrust
faults, and the maximum displacement is 4.0m. Considering
the most unfavorable effects, the calculation model sets a
lower movement rate, and each analysis step movement is
0.1m; that is, the simulated movement rate is 0.1m/s, which
gives the surrounding rock sufficient deformation and
maximizes the damage of the tunnel lining [15, 16, 23]. To
explore the damage mechanism of the tunnel lining struc-
ture under the coupling action of active faults, the consti-
tutive relationship of the lining in the calculation model
adopts the concrete structure damage constitutive, the lining
material is C55 concrete, and the stress–strain relationship is
defined in accordance with the code [24], as is shown in
Table 1. ,e hanging wall and foot walls of the active fault
and the fracture zone adopt theMohr–Coulomb constitutive
relationship. ,e reason for the fault movement along the
slip surface of the fracture zone is that the fracture zone has
low strength and is easy to damage. ,erefore, the calcu-
lation model appropriately reduces the strength of the
fracture zone according to a safety factor of 0.8. ,e specific
calculation parameters are shown in Table 2. ,e model
design considers the material properties and differences
between the lining and the surrounding rock and defines the
contact between the two as friction, and the friction pa-
rameter is 0.4 [25].

,e model calculation is carried out in three steps. ,e
initial ground stress is applied to the unexcavated rock and
soil, so that it will not deform under the action of gravity,
which simulates the rock and soil under long-term con-
solidation. After the initial ground stress is balanced, the
tunnel excavation and the construction of the lining are
simulated. ,e surrounding rock pressures all act on the
lining and the lining will no longer be disturbed by de-
formation. After the lining and surrounding rock reach the
state of balance, displacement loads are applied to the strike-
slip direction (Y-direction) and thrust direction (Z-direc-
tion) of the hanging wall of the active fault to realize the
coupling and movement of the active fault. ,e boundary
conditions of the foot wall remain unchanged, and the load
boundary conditions are shown in Figure 2.

Both the soil element and the lining element of the
calculation model adopt hexahedral elements. ,e mesh is
densely divided into the fracture zone and the rock mass
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around the tunnel lining, and the soil mesh is sparse near the
boundary, which ensures the accuracy and reliability of the
calculation results and the efficiency of the calculation. ,e
mesh is shown in Figure 3.

3. Safety Analysis of Tunnel Lining with
Different Movement Amounts under the
Coupling Action of Active Faults

Under strike-slip fault movement, the hanging wall and foot
wall move horizontally along the fracture surface. ,e stress
source of fault movement is the shearing action on both
sides. ,e movement surface is smooth, and the shearing
effect is obvious [26]. ,rust faults are forward faults with a
large displacement distance, showing strong compression
[27]. Because the fault movement of the calculation model is
dominated by thrust faults, this paper selects the tunnel

lining arch vault measurement points under different
movements with the ratio of strike-slip fault to thrust fault at
1 : 2 for safety analysis.

Fault movement is divided into stick-slip movement and
creeping movement. Stick-slip movement is a kind of rapid
fracture motion, and creeping movement is a slow move-
ment that occurs over time. Studies have shown that the slow
movement of the fault gives the soil a sufficient deformation
process, and the failure form is larger than the stick-slip
movement [28]. To explore the influence of the movement
amount on the tunnel lining under the coupling action of
active faults, this paper takes the lining response when the
continuous movement amount of the thrust fault in the
coupling fault is 0.1m, 0.2m, 0.3m, 0.4m, 0.5m, and 0.6m.
And the failure mechanism of the tunnel lining under
different displacements of the coupling fault is revealed
through the longitudinal displacement distribution of the
lining along the tunnel, the distribution of the maximum
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Figure 2: Schematic diagram of the coupling fault displacement load distribution.
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Figure 1: Schematic diagram of the calculation model for dip angle 45°.

Table 1: Material parameters of tunnel lining.

Model Density (kg/m3) Elastic modulus (MPa) Poisson’s ratio Compressive yield stress (MPa) Tensile yield stress (MPa)
Lining 2400 2.648×104 0.167 32.5 2.64

Table 2: Material parameters of surrounding rock and fault.

Model Density (kg/m3) Elastic modulus (MPa) Poisson’s ratio Internal friction angle (°) Cohesion (kPa)
Fault 2300 1.6×103 0.4 28 0.1× 103

Surrounding rock 2400 3.5×103 0.32 35 0.4×103
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principal stress, and the distribution of the development
range of the plastic zone.

3.1. Displacement Response Analysis of Tunnel Lining with
Different Movement Amounts under the Coupling Active
Fault. Since the coupling fault displacement load is applied in
the Y-direction and the Z-direction, the Y-direction and Z-
direction tunnel lining vault displacement distribution is taken
for analysis. Figure 4(a) is the deformation cloud diagram of
lining when the fault displacement is 0.4m, and Figure 4(b)
shows the Y-direction displacement distribution curve of the
lining under different displacements when the coupling ratio
between strike-slip fault and thrust fault is 1 : 2, and Figure 4(c)
is the Z-direction displacement distribution curve of the lining.

Comprehensive analysis of Figure 4 shows that the
coupling fault movement drives the lining in the hanging
wall area to move in the same form in the strike-slip di-
rection and the thrust direction. ,e movement platform
appears along the lining displacement curve in the longi-
tudinal direction of the tunnel, and the range of the platform
is roughly the same as that of the hanging wall of the fault.
,e coupling fault is 1 : 2 moving in the Y- and Z-directions,
and the lining displacement response is roughly 1 : 2, and the
projection of the lining displacement value in the two di-
rections is consistent with the displacement load value. ,e
shape of the lining displacement curve in two directions

under the coupling fault movement is “S”-shaped distri-
bution, and the deformation shows a steep drop in the
projection area at the bottom of the fracture zone along the
longitudinal direction. Since the dip angle of the fracture
zone is 45°, the fault projection area is within the range of
110m∼220m.With the increase of themovement amount of
the active fault, the curved platform continues to rise, the
slope of the curve in the steep decline section gradually
increases, but the range and location of the platform does not
change significantly. ,e steep drop section of the Y-di-
rection curve is roughly within the range of 140∼200m, and
the steep drop section of the Z-direction curve is roughly
within the range of 140∼200m. ,erefore, the significant
damage area of the lining under the coupling active fault is
roughly located in the fracture zone. With the increase of the
movement of the active fault, the damage range does not
change significantly, but the damage effect increased sig-
nificantly. ,e significant deformation section of the lining
can be judged according to the displacement curve of the
projection direction of the coupling fault motion.

3.2. Stress Response Analysis of Tunnel Lining with Different
Movement Amounts under the Coupling Active Fault.
Since the tunnel lining material is C55 concrete, the max-
imum principal stress is used as the lining stress response
analysis index to study the structural damage mechanism of

(a) (b)

(c)

Figure 3:,emeshing diagram of calculationmodel. (a),emeshing diagram of the overall calculationmodel. (b),emeshing diagram of
the transverse section of the calculation model. (c) ,e meshing diagram of tunnel lining.
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the lining. According to the calculation results, the maxi-
mum principal stress distribution curve of the lining with
different movements under the coupling fault action is
shown in Figure 5.

From a comprehensive analysis of Figure 5, it can be seen
that the maximum principal stress curve of the lining under the
dip angle of 45° coupling fault movement is symmetrically
distributed along the longitudinal direction of the tunnel with
the axis of symmetry approximately 140m. ,e shape of the
distribution curve of the maximum principal stress of the lining
under different displacements is roughly similar. When the
thrust direction of the coupling fault is misaligned by 0.1m, the
maximum principal stress of the hanging wall is larger than
other displacements. ,e maximum principal stress is the
tensile stress before 140m along the longitudinal direction of
the tunnel, and the stress value gradually increases with the
longitudinal distance.,e maximum tensile stress appears near
140m, and the compressive stress appears near 200m in the
longitudinal direction of the tunnel, and the lining begins to
undergo compression failure. ,e maximum principal stress of

the lining in the foot wall area is basically 0.,e foot wall lining
of the coupling fault movement shows obvious tensile failure,
and the significant increase area of the maximum principal
stress is located at the location of the fracture zone. Com-
pression failure occurs at the contact position of the foot wall
and the fracture zone, and the tensile failure range of the lining
is roughly consistent with the position of the steep drop of the
lining displacement curve. ,erefore, it can be inferred that the
significant damage area of the lining under the action of the
coupling fault is the same as the significant area of displacement
deformation, which is roughly located near the fracture zone
and mainly manifests as tensile failure.

3.3. Analysis of the Development of the Plastic Zone of the
Tunnel Lining under the Coupling Effect of Active Faults with
Different Displacements. ,e real-time monitoring method of
tunnel lining and the analysis and processing of deformation
data have important practical significance for ensuring the
stability of the tunnel [29–31]. As one of the important

+5.760e + 00
+5.280e + 00
+4.800e + 00
+4.320e + 00
+3.840e + 00
+3.360e + 00
+2.880e + 00
+2.400e + 00
+1.920e + 00
+1.440e + 00
+9.601e – 01
+4.801e – 01
+5.017e – 05

U, magnitude
Z

Y
X

(a)

Displacement 0.1m
Displacement 0.2m
Displacement 0.3m

Displacement 0.4m
Displacement 0.5m
Displacement 0.6m

–50 0 50 100 150 200 250 300 350 400 450

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

Longitudinal distance (m)

H
or

iz
on

ta
l d

isp
la

ce
m

en
t (

m
)

(b)

Displacement 0.1m
Displacement 0.2m
Displacement 0.3m

Displacement 0.4m
Displacement 0.5m
Displacement 0.6m

–50 0 50 100 150 200 250 300 350 400 450

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Longitudinal distance (m)

H
or

iz
on

ta
l d

isp
la

ce
m

en
t (

m
)

(c)

Figure 4: Displacement diagram in different directions under coupling fault. (a) ,e deformation cloud diagram of lining when the
fault displacement is 0.4m. (b) Y-direction displacement curve of lining with different movement amounts in the coupling ratio of 1 : 2.
(c) Z-direction displacement curve of lining with different movement amounts in the coupling ratio of 1 : 2.
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indicators of lining structure damage, the plastic zone plays an
essential role in the monitoring of tunnel construction. Figure 6
is the cloud diagram of the development of the plastic zone of
tunnel lining with different displacements under the coupling
fault action.

Comprehensive analysis of Figure 6 shows that, at the
beginning of the coupling fault, the plastic zone is distributed on
the lining vault and the arch bottom, and the distribution range
is roughly concentrated on the vault at the intersection of the
hanging wall and the fracture zone and the arch bottom at the
intersection of the foot wall and the fracture zone. As the
amount of coupling fault movement increases, the plastic zone
at the top and bottom of the arch continues to expand and
connect with both sides of the arch waist. When the coupling
fault is displaced for a certain distance, the position of the plastic
zone of the tunnel lining changes from the top and bottom of
the arch to both sides of the arch waist. ,e development range
of the plastic zone is concentrated in the fracture zone, and the
plastic zone on both sides of the arch waist increases with the
increase of the active fault movement amount. ,e cloud di-
agram of the development of the plastic zone scatters from the
center to the surroundings in a discord shape, and the plastic
strain is the largest in the area where the arch waist and the arch
bottom intersect. ,e development law of the plastic zone of
tunnel lining under coupling fault movement is similar to that
of tunnel lining under thrust fault movement. ,erefore, the
development of plastic zone under active fault movement is
mainly determined by the form of fault movement with larger
ratio.

4. Safety Analysis of Tunnel Lining with
Different Displacement Ratios under the
Coupling Action of Active Faults

To explore the influence of different movement ratios on the
tunnel lining under the coupling action of active faults, three
different ratios of strike-slip and thrust movement ratios of

1 :1, 1 : 2, and 1 : 3 are taken in this paper, to study the
response of the lining when the continuous displacement of
the thrust fault is 1.4m in the coupling fault. And the failure
mechanism of the tunnel lining under the different dis-
placements of the coupling fault is revealed through the
longitudinal displacement distribution of the lining along
the tunnel, the distribution of the maximum principal stress,
and the distribution of the development range of the plastic
zone.

4.1. Displacement Response Analysis of Tunnel Lining with
Different Movement Ratios under the Coupling Active Fault.
Coupling active faults are a combination of strike-slip faults
and thrust faults. ,erefore, it is necessary to study the Y-
and Z-direction lining displacement curves separately. ,e
ratio of strike-slip movement and thrust movement of the
45° fracture zone is 1 :1, 1 : 2, and 1 : 3, as shown in Figure 7.

It can be seen from Figure 7(a) that since the movement
of the active fault is dominated by the thrust fault, the data of
different movement ratios of the strike-slip fault and the
thrust fault under the coupling fault under 1.4m of the
thrust fault movement are selected for analysis. ,erefore,
the Y-direction lining displacement curve has a movement
platform, and the range of the platform is roughly the same
as the bottom of the fault hanging wall. With the change of
the coupling fault movement ratio, the platform height of the
Y-direction lining displacement curve gradually decreases,
and the platform range does not change significantly. ,e
lining displacement value is roughly the same as the Y-di-
rection displacement load applied value, the lining and the
hanging wall do the same form of movement. ,e Y-di-
rection lining displacement curve is distributed in an “S”
shape, and there is a steep drop in the projection area at the
bottom of the fracture zone along the longitudinal direction.
With the increase of the movement ratio, the dip angle of the
steep-descent section increases continuously, and the
damage effect increases significantly, while the significant
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Figure 5: Maximum principal stress distribution curve of the lining with different displacements under coupling fault action.
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damage range is roughly concentrated in the same range of
the fracture zone.

It can be seen from Figure 7(b) that the coupling fault Z-
direction bears a vertical displacement load of 1.4m, and the
lining displacement curve shows a movement platform
along the longitudinal direction of the tunnel. ,e range of
the platform is the same as the bottom of the hanging wall of
the fault, and the displacement curve shows an “S”-shaped
distribution of the same shape. ,e Z-direction displace-
ment curve shows a steep drop in the fracture zone along the
longitudinal direction of the tunnel, and the significant
damage area of the lining at 45° dip angle of the fracture zone
is approximately 140m∼200m. ,erefore, the significant
damage area of the lining under the coupling active fault
movement is roughly located in the fracture zone, and the
two directions are the same. With the increase of the
movement ratio, the damage effect becomes more obvious
while the damage range is basically unchanged. ,e range of
the significant damage section of the lining can be deter-
mined according to any direction of the coupling fault
movement decomposition direction, and the damage effect
needs to be determined by the overall movement of the
coupling fault.

4.2. Response Analysis of Tunnel Lining Stress with Different
MovementRatiosunder theCouplingActiveFault. To explore
the influence of the stress distribution on the tunnel lining
under different movement ratios of strike-slip and thrust
faults, the maximum principal stress distribution along the
longitudinal length of the tunnel is calculated according to
the calculation results, as shown in Figure 8.

Comprehensive analysis of Figure 8 shows that the maxi-
mum principal stress curve of the lining under different
movement ratios of the 45° dip angle coupling fault is sym-
metrically distributed along the longitudinal direction of the
tunnel with the axis of symmetry approximately 140m. ,e
shape of the maximum principal stress distribution curve of the
lining under different displacement ratios is roughly similar,
and the maximum principal stress distribution curve shows a
trend of first increasing and then decreasing as a whole. ,e
stress increase area along the longitudinal length of the tunnel is
roughly located near the fracture zone.,emaximum principal

stress continues to increase before 140m, and the maximum
appears at 140m, which is a tensile stress, and the lining shows
tensile failure. Compressive stress occurs in the lining at the
boundary between the fracture zone and the hanging wall and
foot wall, and compression failure occurs. ,e maximum
principal stress of the lining in the foot wall is basically zero.,e
lining tensile stress distribution area under the coupling fault
movement is wide, so the lining mainly shows tensile failure.
,e significant tensile failure range of the lining is roughly
consistent with the position of the steep drop of the lining
displacement curve, showing a consistent change law.

4.3. Analysis of the Development of the Plastic Zone of the
Tunnel Lining under the Coupling Effect of Active Faults with
DifferentMovementRatios. In order to explore the influence
of the development of the plastic zone on the tunnel lining
under different movement ratios of the coupling active fault,
according to the calculation results, the cloud diagram of the
development range of the plastic zone of the lining under
different movement ratios when the coupling fault is dis-
placed at a 45° angle of 1.4m is obtained, as shown in
Figure 9.

Comprehensive analysis of Figure 9 shows that the
distribution of the plastic zone under different ratios of the
coupling faults is roughly concentrated in the middle of the
fracture zone. When the coupling fault movement ratio is 1 :
1, the plastic zone is concentrated in the arch bottom and
waist area of the tunnel lining, and the arch bottom is mainly
distributed, and the plastic strain value is discord shape and
scatters to the surroundings. With the increase of the
movement ratio, the position of the plastic zone of the lining
begins to expand from the arch bottom to both sides of the
arch waist, and the range increases accordingly. ,e de-
velopment law of the plastic zone area under different
proportions of movement is similar to the development law
of tunnel lining under thrust fault. ,erefore, it can be
inferred that the development of lining plastic zone is related
to the fault movement formed in the dominant direction in
the coupling fault, and the development law is affected by the
development law of the lining plastic zone under its sole
action. ,e lining plastic zone is roughly concentrated in the
fracture zone, which is consistent with the tensile stress

(a) (b)

(c) (d)

(e) (f)

Figure 6: ,e cloud diagram of the development range of the plastic zone of tunnel lining with different displacements under the coupling
fault action. (a),e cloud diagram of plastic zone of 0.1m tunnel lining with coupling fault movement. (b),e cloud diagram of plastic zone
of 0.2m tunnel lining with coupling fault movement. (c) ,e cloud diagram of plastic zone of 0.3m tunnel lining with coupling fault
movement. (d),e cloud diagram of plastic zone of 0.4m tunnel lining with coupling fault movement. (e),e cloud diagram of plastic zone
of 0.5m tunnel lining with coupling fault movement. (f ) ,e cloud diagram of plastic zone of 0.6m tunnel lining with coupling fault
movement.
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Figure 8: Maximum principal stress distribution curve of the lining with different movement ratios under the coupling fault.
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Figure 7: Displacement curves of tunnel lining with different movement ratios of 45°dip angle under coupling fault. (a) Y-direction lining
displacement curve with different movement ratios under coupling fault. (b) Z-direction lining displacement curve with different movement
ratios under coupling fault.

(a) (b)

(c)

Figure 9: ,e cloud diagram development range of the plastic zone of the lining with different ratios of 1.4m at the 45° dip angle. (a) ,e
cloud diagram of plastic zone of 1.4m tunnel lining with a ratio of 1 :1. (b) ,e cloud diagram of plastic zone of 1.4m tunnel lining with a
ratio of 1 : 2. (c) ,e cloud diagram of plastic zone of 1.4m tunnel lining with a ratio of 1 : 3.
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distribution area of the maximum principal stress of the
lining along the longitudinal direction of the tunnel.

5. Conclusion

,is paper establishes a three-dimensional finite element
tunnel model under the coupling movement of strike-slip
and thrust faults, discusses the displacement, stress distri-
bution, and plastic zone development of the tunnel lining
under different movements and different movement ratios
of the coupling faults, and reveals the damage mechanism of
the lining under the active fault movement, and the con-
clusions are as follows:

(1) ,e coupling fault movement drives the lining in
the hanging wall area to move in the same form in
the strike-slip direction and the thrust direction.
,e significant damage area of the lining under the
coupling active fault movement is roughly located
in the fracture zone. With the increase of the
movement amount of the active fault, the damage
effect increases significantly. ,e range of the
significant damage section of the lining can be
determined according to any direction of the
coupling fault movement decomposition direc-
tion, and the damage effect needs to be determined
by the overall movement of the coupling fault.

(2) ,e tunnel lining of the coupling fault movement
shows obvious tensile failure. ,e significant
growth area of the maximum principal stress is
located at the fracture zone, and compression
failure occurs at the contact position of the foot
wall and the fracture zone. ,e lining mainly
shows tensile failure, and the significant tensile
damage range of the lining is roughly consistent
with the position of the steep drop of the lining
displacement curve. It can be inferred that the
significant damage area of the lining under the
action of the coupling fault is the same as the
significant displacement change area, which are
roughly located near the fault zone and mainly
manifested as tensile failure.

(3) At the beginning of the coupling fault, the plastic
zone is distributed on the lining vault and the arch
bottom. With the increase in the amount of
coupling fault movement, the plastic zone at the
top and bottom of the arch continues to expand
and connect on both sides of the arch waist. ,e
plastic strain is the largest in the area where the
arch waist and the arch bottom intersect. ,e
development of plastic zone under active fault
movement is mainly determined by the form of
fault movement with larger ratio.
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/ere are various definitions of damage variables from the existing damage models. /e calculated damage value by the current
methods still could not well correspond to the actual damage value. /erefore, it is necessary to establish a damage evolution
model corresponding to the actual damage evolution. In this paper, a strain rate-sensitive isotropic damage model for plain
concrete is proposed to describe its nonlinear behavior. Cyclic uniaxial compression tests were conducted on concrete samples at
three strain rates of 10−3s−1, 10−4s−1, and 10−5s−1, respectively, and ultrasonic wave measurements were made at specified strain
values during the loading progress. A damage variable was defined using the secant and initial moduli, and concrete damage
evolution was then studied using the experimental results of the cyclic uniaxial compression tests conducted at the different strain
rates. A viscoelastic stress-strain relationship, which considered the proposed damage evolution model, was presented according
to the principles of irreversible thermodynamics. /e model results agreed well with the experiment and indicated that the
proposed damage evolution model can accurately characterize the development of macroscopic mechanical weakening of
concrete. A damage-coupled viscoelastic constitutive relationship of concrete was recommended. It was concluded that the model
could not only characterize the stress-strain response of materials under one-dimensional compressive load but also truly reflect
the degradation law of the macromechanical properties of materials. /e proposed damage model will advance the understanding
of the failure process of concrete materials.

1. Introduction

Concrete is a heterogeneous and discontinuous multiphase
composite material. Shrinkage and bleeding can occur in
concrete during concrete hardening due to the nonuniformity
of material constituents and lead to inevitable development of
excessive microcracking and microdefects. /e microcracks
and microdefects dispersed in the material will gradually ex-
pand, evolve, converge, penetrate, and eventually form mac-
rocracks, which will lead to failure under the action of external
loads. Studying the damage evolution process will help deepen
the understanding of the deterioration of macromechanical
properties of concrete.

/e internal microcracking and debonding between
cement paste and aggregates are the main reasons for the

nonlinear behavior of concrete materials. /e occurrence
and development of damage are considered as the process
of damage evolution and appropriate damage variables are
regarded as the internal variables in the constitutive re-
lationships that describe the physical and mechanical
properties. /e authors in [1–3] assumed the damage of
material is isotropic and proposed an elastic constitutive
equation of isotropic damage. However, [4] recom-
mended adopting different order tensors to describe the
anisotropic damage and proposed a model of anisotropic
elastic damage. Brünig and Michalski [5] established a
model of anisotropic damage for concrete according to
irreversible thermodynamics. However, these elastic
damage models could not characterize the irreversible
behavior of materials.
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Researchers have treated irreversible deformations as
plastic and proposed elastoplastic damage constitutive
equations. A constitutive model for nonlinear characteristics
of concrete was recommended by [6]. Oñate et al. [7]
proposed a local constitutive model to analyze the failure of
solid materials. Zheng et al. [8] obtained a new plastic
damage model with two damage variables for concrete crack
failure. Jefferson et al. [9] suggested a new comprehensive
3D plastic damage contact model. Feng et al. [10] adopted
the elastoplastic damage energy release rates as the driving
force of damage. /ese plastic damage models are used to
describe the irreversible behavior of concrete on the basis of
yield surface theory and nonassociated flow rules to char-
acterize the occurrence of inelastic deformations. However,
there is no clear yield point in the stress-strain curve for
concrete under low triaxial stress conditions. An isotropic
model for creep damage in concrete under uniaxial com-
pression was proposed by [11]. Pedersen et al. [12] presented
a rate-independent viscoelastic and viscoplastic constitutive
relationship for the dynamical behavior of concrete. All the
models above are based on the phenomenological ap-
proaches of field theory methods. /is macroapproach is
based on continuum mechanics and continuum thermo-
dynamics and determines phenomenologically the material
constitutive equations and damage evolution using the
thermodynamic theorems and internal variable theory. /e
method does not need to derive the theoretical relationships
between macroscopic quantities directly from the micro-
scopic mechanisms and requires only that the established
model be consistent with the actual behavior.

Many researchers utilized the mesoscopic approaches to
analyze the damage of concrete. /ese methods are based on
the individual mechanical behavior and interaction of the
microscopic material components [13, 14]. Kassner et al. [15]
proposed that the mechanics of microcracks in material is
based on a multiscale mechanical model and studied the
brittle-ductile material behavior at a mesoscale. Contrafatto
et al. [16] established a mesoscale model to analyze the
nonlinear behavior of concrete with a randomly assigned
distribution of phases. /ese mesoscopic models could de-
scribe the physical processes behind damage variables and
damage evolution and clearly explain the mechanism of
concrete crack initiation. However, the mechanics of het-
erogeneous microscopic materials requires many simplifying
assumptions for transition to macroscopic homogeneous
materials. /e understanding of the microscopic composition
is insufficient because microscopic damage mechanisms are
very complicated, and, consequently, it is difficult to obtain
their mechanical parameters.

/ere are various definitions of damage variables used in
the existing damage models. On the other hand, the damage
evolutionmodels are always established from experience; some
are based on a macroscopic perspective and some on a mi-
croscopic viewpoint. In fact, damage values calculated by the
models based on these two approaches do not agree well with
the actual damage values./erefore, it is necessary to establish a
damage evolution model corresponding to the actual damage
evolution. In this paper, the damage variable of the material is
defined as the ratio of the decrease in the elastic modulus of

concrete to the initial elastic modulus. /e experimental
damage evolution values were quantified and the corre-
sponding damage evolution model was established based on
experimental damage data. Finally, the rationality of the
proposed viscoelastic damage constitutive model of concrete
was verified by the uniaxial cyclic compression test results.

2. Experiments

2.1. Materials and Mix Proportion. /e concrete specimens
used were 150 mm cubes. /e concrete mix proportion is
shown in Table 1. A Grade 42.5 ordinary Portland cement,
supplied by HaiLuo Cement Co. Ltd., Anhui Province,
China, was used in the experiments as the binder. /e fine
aggregate was desalinated sea sand, the coarse aggregate was
crushed stone, and the size of aggregates was kept below
17.5mm. Ordinary tap water was used. Mixtures were cast in
identical plastic molds. To remove entrapped air, the fresh
concrete mix was vibrated on a vibrating table after having
been poured into the molds. /e cast specimen was kept
under laboratory conditions for 24 h and then demolded.
/ey were then cured in a laboratory room at 20°C and
relative humidity of 95% for 28 days.

2.2. Test Setup. A cyclic uniaxial compression test was
conducted in a microprocessor-controlled electrohydraulic
servo universal testing machine WAW-2000 produced by
Shanghai Bairuo Testing Instrument Co., Ltd. /e vertical
displacement was measured by two linear variable dis-
placement transducers (1# and 2# LVDT), and the loading
rate was set to control by displacement. Nine specimens were
divided into three groups and loaded under three strain rates
(10−5s−1, 10−4s−1, and 10−3s−1). /e test setup was sche-
matically shown in Figure 1.

Ultrasonic testing was used to detect cracking and
deterioration in concrete during the cyclic compression
loading experiments. As the ultrasonic wave velocity in
concrete is much faster than in the air, the ultrasonic
velocity of concrete contains small cracks that would be
reduced compared with the initial velocity. Hence, the
microcracks nucleation in concrete can be detected by the
reduction in ultrasonic velocity [17]. /e unloading
started at preselected points and the ultrasonic mea-
surements were taken when the compression displace-
ment reached the preselected unloading points. Two
ultrasonic probes were arranged vertically in the direction
of loading and Vaseline was used as a coupling agent
between the probes and concrete to reduce the loss of
acoustic energy. Ultrasonic experimental equipment
supplied by Beijing Zhibo was adopted.

2.3. Experimental Results. /e stress-strain relationships of
concrete under cyclic compression load with different strain
rates are illustrated in Figure 2. /e overall characteristics of
the cyclic compression experimental results can be sum-
marized as follows.

A single loading and unloading cycle generally contains
two distinct paths: the unloading path and the reloading
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Table 1: Mix proportion of concrete samples.

Cement type
Quantity of concrete materials per cubic meter (kg/m3)

Water/cement ratio
Cement Sand Crushed stone Water

PO42.5 451 558 1186 185 0.41

Load

LVDT 1#
LVDT 2#

Transmitter Receiver

Specimen

Load cell

Load

Figure 1: Schematic diagram of a cyclic uniaxial compression test.
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Figure 2: Stress-strain curves of concrete under cyclic compression loading with different strain rates: (a) strain rate of 10−3 s−1; (b) strain
rate of 10−4 s−1; (c) strain rate of 10−5 s−1.
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path. As presented in Figure 2, concrete stiffness gradually
reduced due to the cumulative effect of internal damage of
the material caused by the increased number of load cycles.

/e stiffness of the unloading curve was significantly less
than the stiffness of the reloading curve. /is interesting
result indicates that some of the internal microdefects of the
material closed during the unloading process.

/e loading curve can be divided into two stages during
the reloading progress. /e stress-strain curve was almost
linear before reaching the unloading strain. When the value
of strain exceeds the unloading point strain, the stress-strain
curve exhibited a nonlinear shape. /is result may be
explained by the fact that the loading process did not cause
new damage before the former unloading point. When the
strain was greater than the strain at the unloading point, the
stress-strain curve showed nonlinearity due to new damage
nucleation.

/e relative ultrasonic wave velocity results of concrete
subjected to compression loading process with different
strain rates are presented in Figure 3. From Figure 3, some of
the main characteristics of concrete behavior under cyclic
compression loading can be deduced as follows.

During the initial stage of experimental loading, the
ultrasonic velocity had no obvious change or only a partial
increase due to the internal microdefects closing. /ese
findings corroborate the results of the cyclic compression
experiments, which show that the unloading paths were
almost overlapping with the loading paths.

As the load increased, the ultrasonic propagation ve-
locity started to decrease slowly as the microcracks at the
interface between aggregates and cement mortar began to
expand gradually. When the load was close to the peak
strength, the ultrasonic wave velocity dropped sharply, in-
dicating that the internal cracks in concrete had spread from
the interface cracks between aggregates and mortar to the
interior of mortar. /e material exhibited obvious nonlinear
characteristics at this stage and hysteretic energy dissipation
was found more and more evident in Figure 2.

When the load was further increased, the cracks became
interconnected and obvious macroscopic cracks could be
observed on the outer surface of the concrete (Figure 4). /e
ultrasonic propagation velocity was significantly reduced due
to the instability of the crack propagation and it was difficult
to detect any ultrasonic wave velocity change in the later stage.

Taken together, these results suggest that there is a re-
lationship between the ultrasonic velocity and the hysteretic
energy dissipation. More obvious hysteretic energy dissi-
pation means that more energy was consumed to create
more cracks, which in turn would lead to a longer time
required for an ultrasonic frequency wave pulse to travel
through a concrete sample. Hence, a reduction in ultrasonic
velocity will be observed when concrete cracks.

3. Damage Evolution in Concrete under
Cyclic Compression

It can be seen from the stress-strain curves obtained in the
concrete cyclic loading experiments that the stiffness of the
material degenerates due to the development of microvoids

and defects as the deformations increase. /erefore, a
damage factor, D, was defined as the relative attenuation of
the elastic modulus of concrete under cyclic compressive
loading:

D � 1 −
􏽥E

E
, (1)

where 􏽥E is the elastic modulus of the damaged material and
E is the initial elastic modulus.

/e modulus of material can be calculated from the
ultrasonic wave velocity if the material is homogeneous,
isotropic, and elastic. Obviously, concrete does not satisfy
these physical requirements [18, 19]. In this paper, the secant
modulus was considered as the elastic modulus of damaged
material. Equation (1) was used to quantify the experimental
results of damage versus strain under three strain rates,
which reflected the actual degradation of material stiffness
during loading. /e calculation results are shown in
Figure 5.

/e damage evolution curves shown in Figure 5 indicate
that the entire damage evolution process in concrete can be
divided into three stages. During the initial stage of loading,
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Figure 3: Relative ultrasonic wave velocity of concrete samples
subject to the cyclic compressive loading process.

Figure 4: Macroscopic cracks on the outer surface of the concrete.
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the initial microcracks between aggregates and cement
mortar remained relatively stable and some microcracks
closed under loading, which can lead to an increase in
density. During this stage, the modulus of material hardly
decreased or even increased compared to the initial mod-
ulus. /e degree of damage can be considered as 0 at this
stage; obviously, a damage threshold existed in the damage
evolution process. With the increase in load, the internal
damage began to increase and themodulus of material began
to decrease slowly, mainly due to the gradual increase of
cracks in the transition zones between mortar and aggre-
gates. When the loading increased further, the rate of
modulus decline began to accelerate and the damage of
material began to increase rapidly. /is happened mainly
due to microcracks in the transition zone nucleated and
expanded into the mortar. At the stage of residual strength,
microcracks are formed due to the interconnection of

microcracks in the interfacial zone between aggregates and
mortar. At this stage, the specimen cracked and then the
attenuation of modulus of elasticity became gentle and
damage stabilized.

It can be seen from Figure 5 that a damage threshold
existed in the damage evolution process, which increased
with the increase in strain ratio. When the strain ratio was
small, the microcracks in the material had enough time to
coalesce and propagate. On the other hand, the damage
threshold increased with the increase in strain ratio due to
the internal microcracks not having enough time to prop-
agate and evolve. /erefore, damage evolution in concrete
was related not only to the material rheology but also to the
strain rates./is conclusion is consistent with literature [20].
/erefore, the strain-rate dependence should be considered
when establishing a damage evolution model.

/e damage evolution model for concrete assumed in
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Figure 5: Experimental and model results of damage evolution in concrete under different strain rates.
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this study is as follows:

D �

0, ε≤ εth,

1 − exp −
ε − εth

εu

􏼠 􏼡􏼠 􏼡, ε> εth,

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

m � α
_ε
_ε0

􏼠 􏼡

β

,

(2)

where εth is the damage threshold value, εu is the unde-
termined parameter, _ε0 is the reference strain rate which was
taken as 1 s−1, and m is the shape factor.

By substituting the parameter values listed in Table 2 into
equation (2), the damage evolution results can be obtained,
as shown in Figure 5. /e results of the damage evolution
model agreed well with the experimental damage results of
modulus attenuation.

4. Model Validation

/e experimental results of cyclic the uniaxial compression
test of concrete show that some irrecoverable deformation
existed after unloading. Song et al. [21] regarded this kind of
irrecoverable deformations as viscous conformation.
/erefore, the total strain of concrete during compression
can be divided into elastic strain and vicious strain as
follows:

ε � εe + εv, (3)

where εe is elastic strain and εv is the viscous strain.
Internal variables were introduced to characterize the

development of viscous properties. /e uniaxial compres-
sion experiment was a quasi-static compression process at
room temperature, which can be considered as an iso-
thermal. Based on the theory of irreversible thermody-
namics, the Helmholtz free energy density function can be
expressed as follows:

Φ � Φ(ε, D, ξ). (4)

Considering the Helmholtz free energy density function
of materials as consisting of elastic and irreversible viscous
components, equation (4) can be written as follows:

Φ � Φe εe, D( 􏼁 +Φv εv, ξ( 􏼁. (5)

Based on Lemaitre’s equivalent strain principle,

εe �
σ
E

�
σ

(1 − D)E
, (6)

where σ is the effective stress, σ is the nominal stress of the
material, and E is the elastic modulus of intact material.
/erefore, the elastic part of the free energy density function
can be expressed as follows:

Φe �
1
2ρ

(1 − D)Eε2e , (7)

where ρ is the density of concrete.

/e stress-strain relationship can be obtained from the
thermodynamic governing equation as follows:

σ � ρ
zΦe

zεe

� (1 − D)Eεe � (1 − D)E ε − εv( 􏼁. (8)

According to the nonlinear iterative solutions of internal
variables evolution equations [22],

εe � ε − εv � E 􏽚
t

−∞
Exp −

t − τ
τm

􏼠 􏼡_ε(τ)dτ, (9)

where τm is the material relaxation time.
/e viscoelastic constitutive model with damage can be

obtained by substituting equation (9) into equation (8) as
follows:

σ � (1 − D)E 􏽚
t

−∞
Exp −

t − τ
τm

􏼠 􏼡_ε(τ)dτ . (10)

/e parameters of the damage evolution model are
shown in Table 2. Sima et al. [22] proposed that the
envelope of the stress-strain curve of concrete under cyclic
compression is essentially consistent with that under
uniaxial compression. /erefore, to verify the applica-
bility of the model, the envelope of cyclic compression
load curves was fitted by the least-squares method
according to the established model. /e parameters of the
viscoelastic constitutive model obtained by the fitting are
shown in Table 3.

/e curve fitting results demonstrate that the relaxation
time was correlated with the loading rate and that it de-
creased with the increase in strain ratio on account of the
multiplicity of molecular motion. /e large-scale unit of
motion will not respond to a high strain ratio, while the
small-scale unit of motion can be activated by a high strain
rate, which would lead to a small relaxation time. On the
contrary, under a low strain ratio, the large-scale unit of
motion and the small-scale unit of motion have sufficient
time response; thus, the relaxation time is longer. /e curve
fitting results are shown in Figure 6.

Figure 6 shows that the viscoelastic constitutive model
with damage was in good agreement with the experi-
mental results. In the present study, the R-square of model
calculation results and test results is 0.9018, 0.7573, and
0.9313, respectively. /erefore, the proposed model can
well characterize the stress-strain response behavior of
concrete under uniaxial compression. /e previously
proposed constitutive models with damage were only
required to coincide with the actual stress-strain curves
for the verification of their adaptability. However, damage
models often do not capture the actual material stiffness
degradation. /e model proposed in this paper not only

Table 2: Parameters of damage evolution model.

Strain rate (s−1) α β εu εth

10–3 2.268 0.05809 0.0009 0.0013
10–4 2.268 0.05809 0.0013 0.0011
10–5 2.268 0.05809 0.0024 0.0006
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reflects the rheological degradation of material stiffness
but can also characterize the stress-strain response be-
havior of concrete. /e proposed model can characterize the
stress-strain response of concrete under quasi-static loading.
/e proposed model in the present study was not suitable for
the strain response behavior of concrete under dynamic
loading. Our findings suggested that the strength, stiffness,
and damage evolution of concrete were related to the loading
rate./erefore, the dynamic mechanical response behavior of
concrete needs to be further studied.

5. Conclusions

/e quantitative experimental results of damage evolution in
concrete subjected to cyclic uniaxial compression loads were
obtained. /e results showed that there existed a damage
threshold related to the strain ratio. /e damage evolution
model was established, which was consistent with the
quantitative damage experimental results. A viscoelastic
constitutive relationship with damage was recommended for
concrete. /e analyses showed that the model can not only
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Figure 6: Experimental and model stress-strain curves of concrete under different strain rates.

Table 3: Concrete mechanical parameters under uniaxial loading obtained by curve fitting.

Strain rate (s−1) E (GPa) τm(s)

10–3 36.00 1.048×105

10–4 31.47 1.907×106

10–5 32.55 2.797×106
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characterize the stress-strain response of materials under
one-dimensional compressive loads but also reflect accu-
rately the degradation of the macromechanical properties.
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(e effect of scratch damage on the tension properties of carbon fiber plain weave laminates has been studied in detail using digital
image correlation (DIC) and acoustic emission (AE). A range of scratch lengths was machined onto different laminates. (e
bearing capacity of the laminates was then compared with that of unaltered samples. (e strain field distributions near the
scratches were measured and analyzed as a function of scratch length with DIC. Initiation and propagation of damage were
monitored during the tensile tests using AE. Failure sites and morphologies were observed and analyzed. (e results show that
superficial scratches have little effect on the strength of plain weave laminates when the scratch length is less than 80% of the
specimen width. Scratches affect the distribution of strain near the scratch but not far away from the scratch or at the back face of
the sample. Not all samples broke from the scratch site but instead broke from the free edge of the sample or close to the
gripping region.

1. Introduction

Composite materials are increasingly used for many im-
portant applications in industry, especially in aerospace.(is
is due to their significantly higher strength, stiffness, and
versatile design. Despite these desirable properties, com-
posite structures are susceptible to defects during both
manufacturing and in service. (is includes the creation of
phenomena such as holes, notches, delamination, and
scratches. (ese defects will inevitably affect the structural
integrity and structural load-bearing capability of the ma-
terials [1–4]. Several studies of damage to composites have
focused on the response and performance of composite
structures that have been subjected to low- or high-velocity
impact [5–8].

Superficial cracks and/or scratches in composite mate-
rials may occur, for example, from concrete or other runway
debris during aircraft takeoffs and landings. Scratches can

also occur via routine ground maintenance operations such
as winter deicing operations or mechanical accidents such as
tool-drops or abrasion from a sharp object. Scratches can cut
into the fibers of some of the plies, which can in turn induce
high interlaminar stress and stress concentration. (is type
of damage can eventually degrade static strength and fatigue
strength of the composite structure, making the laminates
with scratches more vulnerable to failure under an external
load.

Plain weave laminates composed of interlocking fibers
and a polymer matrix generally exhibit superior overall
performance and are less sensitive to damage than tradi-
tional laminated composite materials. For this reason, a
deeper understanding of the effects of scratch damage on
plain weave laminates is important for the designing of safer
structural materials for the aerospace industry, especially
when considering the range of possible service conditions.
Recently, several research groups have reported studies
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regarding the scratch-resistant behavior of composite ma-
terials from a tribology perspective, i.e., determining best
practices for reducing the wear potential and for protecting
the subsurface condition [9–12].

(ere are significantly fewer studies published regarding
the effects of scratches on the mechanical properties of weave
laminates. (ere is a report of the effect of scratches reaching
different depths on the delamination of a laminated com-
posite under tensile loading, using experimental and nu-
merical analysis techniques [13].(e results indicated that the
scratch tip location and depth are dominant factors for
tension load capacity and that scratches can result in un-
desirable bending and torsional deformations, leading to
additional delamination. (e influence of different stacking
sequences on the failure mode of composite laminates with
scratches under tensile loading has also been investigated [14].
Bora et al. studied the effect of scratch resistance on fiber
orientation for polymer composites and presented the scratch
resistance of polyetherimide composites as a function of
scratch hardness, penetration depth, and the coefficient of
friction [15]. Size effects in quasi-isotropic carbon/epoxy
laminates with the through-thickness center-notches have
also been reported [16]. In particular, they used 3-D CT to
examine damage ahead of the crack tips and then compared
their samples with those of open-hole laminates using the
same material, the same stacking sequence, and the same
overall dimensions. (e discrete ply modeling method has
been used to conduct a computational study on notched
tensile tests, which analyzed the influence of dimensions,
notch shape, and the stacking sequence [17].

All of these previous studies focused on the effect of deep
scratches or gouges on the mechanical properties of com-
posite laminates. Here, we present a detailed analysis of the
tensile properties of carbon fiber plain weave laminates
exposed to more superficial scratches. Our goal is to
characterize the effect of different scratch lengths on the
mechanical properties of plain weave laminates. (e me-
chanical properties under investigation in this work are
tensile strength, distribution of strain, and identification of
failure modes.

2. Materials and Methods

2.1.Materials. (ematerial used in these experiments was a
composite consisting of a thermoset epoxy resin reinforced
with carbon fiber braids (T700GCSC-12K-50C, Toray In-
dustries, characteristics are listed in Table 1). E1 and E2 are
the elasticity moduli in the fiber direction and the transverse
direction, respectively, and G12 and G23 are the shear moduli
in-plane and out of the plane, respectively. (e term ϑ12 is
Poisson’s ratio.

Six layers of bidirectional plain weave carbon fabric [0/90]6
were stacked together. (e samples (length� 250mm and
width� 25mm) were cut from plain weave plates using a
waterjet cuttingmachine.(e geometry and dimensions of the
specimens used for this study are illustrated in Figure 1.
Different scratch lengths (5, 10, 15, 20, and 25mm) were
machined using a CNC (computer numerical control) milling
machine at the center of the sample. (e scratch depth for all

specimens was 0.4mm which is approximately 15% of the test
sample thickness. (is depth is relatively shallow compared
withmost of studies on scratches so is called superficial scratch
in this paper. (e 25mm scratch length was evident
throughout the width of the specimen. To ensure reproduc-
ibility of the results, five specimens were tested under the same
conditions.

2.2. Methods. DIC is a full-field optical technique that
measures displacements on the surface of an object that has
been subjected to mechanical, thermal, or various envi-
ronmental loadings. For these samples, the strain is evalu-
ated via differentiation of the displacement fields. (e DIC
technique has been widely proven as an advanced and direct
technique for measuring full-field strain or displacement
[18–20]. In this work, DIC was used to capture surface
displacements and evaluate strain in scratched laminate
specimens under tensile load.

(e AE signals were recorded by using two AE sensors
with an optimum frequency range of 100–750 kHz. A 40 dB
preamplifier was used to monitor damage progression. (e
AE sensors were mounted at both ends of the gauge section
on the back face of the sample. (is positioning allows for
DIC monitoring on the scratched face. Before each test, the
pencil lead break method was used several times to calibrate
the AE sensors according to the ASTM E976-10 standard.
(e contact surface of the sensor was covered with silicon
grease to create good acoustical coupling between the AE
sensors and the sample face.

Tensile tests on plain weave laminates were conducted
according to ASTM Standard D3039 [21] as shown in
Figure 2(a). An Instron 8801 fatigue testing systemwith a load
cell capacity of 100 kN was used to apply a constant dis-
placement to the sample at a speed of 2mm/min. (e tensile
load during the test was measured using the load cell. DIC
measurements were used to determine the full-field strains at
different points in the loading regime, by tracking random
speckle patterns on the scratched specimens. (ree strain
gauges were mounted at points A, B, and C (Figure 2(c)) on
the scratched back face and two AE sensors were mounted on
the back face of the sample to monitor damage initiation and
propagation.

3. Results and Discussion

3.1. Tensile Strength. Representative force-displacement
curves of the scratched samples are shown in Figure 3. (e
curves show an almost linear response up to the point of final
failure. Small load drops were observed in some tests at
70–80% of the final failure load, but they are not obvious.

Table 1: Properties of T700SC-12K-50C

E1/GPa E2/GPa ϑ12 G12/MPa G23/MPa

55.8 54.9 0.0538 4200 3700
Note. E1 and E2 are the elasticity moduli in the fiber direction and in the
transverse direction, respectively, and G12 and G23 are the shear moduli in-
plane and out of plane, respectively, and the term ϑ12 is Poisson’s ratio.
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(is phenomenon indicates that some fiber breakage oc-
curred in the sample, but they still maintained a bearing
capacity. (e final failure of all samples was catastrophic and
the loads dropped immediately. (e failure loads of all
specimens are shown in Table 2 and compared with an
undamaged sample. In Table 2, W is the width of the sample
and CV refers to the coefficient of variation. From Table 2, it
could be noted that samples with 5mm, 10mm, and 15mm
scratch lengths had an insignificant effect on failure loads.

However, longer scratch lengths (20mm and 25mm) de-
graded the tensile strength by 5.4% and 9.75%, respectively,
compared with the undamaged sample. (is meant that the
scratch length could be too small to affect the bearing ca-
pacity of the structure. However, if the scratch length was
longer than 80% of the specimen width, the scratched
materials, in particular the first layer of the sample, resulted
in a significant reduction in the bearing capacity of the
structure. From Table 2, it was also noted that under the
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Figure 1: Geometry and dimensions of a representative sample with a 25mm scratch length.
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Figure 2: (a) Experimental setup for tensile tests. (b) Photo of the scratched sample. Points A, B, and C denote the locations of the strain
gauges on the back face of the sample. (c) Points 1–8 denote the locations of strain evaluated using DIC.
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same conditions, the variation coefficient of the failure loadwas
relatively large. (ere were two reasons for this observation.
Firstly, one of the characteristics of these composite materials
was their larger dispersion. Secondly, the scratch position
(Figure 1(a)) of plain weave laminates might play a significant
role in controlling the bearing capacity of the sample. For case
1, the scratch cuts more warp yarn, which could result in a
lower bearing capacity. However, for case 2, the scratch was
laid in the intersection between the warp and weft yarns, which
effectively cuts less warp yarn and therefore had less influence
on the bearing capacity.

3.2. Normal Strain Distribution. Figures 4–6 show DIC
results in terms of engineering strain plots εyy (loading
direction) at the location points 1–8 that are previously
indicated in Figure 2(c). (e same trend in strain distri-
bution of samples with 5mm, 10mm, and 15mm and
20mm scratch lengths was observed; therefore, further
discussion has been made using the results on samples with
15mm and 25mm scratch lengths. From Figure 4(a), it was
noted that high axial strain concentration occurred at the
scratch tip (point 8), especially at the later loading stage. In
Figure 4, longitudinal strain at different points shows

different trends during the tensile process. At the initial
loading stage, the strain at all points increased linearly until
the load was increased to 25 kN, followed by a drop at point
1. (e closer the point was to the scratch, the earlier the
strain decreased, while at points farther away from the
scratch, the strain always increased as the load was increased.
(is phenomenon could be explained as follows: as only part
of the fiber in the first layer was cut off, when the load was
relatively small, the strain was uniform in distribution. As
the load was increased, the scratch was pulled apart and the
scratch width became larger. As a free boundary, the ma-
terial at the scratch showed large interlaminar stress, which
resulted in delamination between the first and second layers,
causing the strain in the vicinity of the scratch to decrease.
With increasing load, the delamination process gradually
extended from the scratch to both ends of the sample, and
the strain at other points was correspondingly decreased.
Surface scratches make the strain near the scratch decrease
with the increase in load at the later loading stage, and the
strain at the scratch tip increases rapidly with the increase in
load due to the existence of the high strain concentration
phenomenon. It could be concluded that scratch only affects
the distribution of strain near the scratch but does not affect
strain far away from the scratch. (e affected range was
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Figure 3: Load-displacement curves.

Table 2: Bearing capacity loads compared between different scratch lengths and virgin specimen.

Specimen Average failure load (kN) CV (%) Load reduction (%)
Virgin 59.28 10.88 —
L� 5mm (20% W) 57.66 10.23 2.83
L� 10mm (40% W) 58.48 4.93 1.35
L� 15mm (60% W) 59.17 6.60 0.19
L� 20mm (80% W) 56.08 3.82 5.40
L� 25mm (100% W) 53.50 10.70 9.75
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about 40mm (Figure 5) which is 16% of the test sample
length. Figure 5 shows that different scratch lengths had an
insignificant effect on the affected range of strain in the plain
weave laminates.

(e strain fields εyy obtained using the DIC technique
at different applied tensile load levels are shown in Fig-
ure 6. (e results showed high localized strain closer to
scratch. Strain concentration occurred around the scratch
for samples with a scratch length through the width
(25mm), but the strain concentration of other samples
occurred at both ends of the scratch. Figure 6 also
highlights the fact that with increased load, the affected
range of the scratch on strain distribution was increased
gradually.

A comparison of strain values between the gauges on the
back face of the samples (L� 15mm) with the DIC results on
the scratch face is shown in Figure 7. (e position of points
1, 5, and 8 should show results similar to the strain gauges
(Figure 2(c)). Figure 7 shows that the strain stayed almost the
same for the initial loading stage until the load reached 25 kN
except point 8. After this load value, points 1 and 8 in the
vicinity of the scratch could be distinguished from the other
points due to damage. (e strain of point 8 is higher than
that of other points after 8 kN, especially at the later loading
stage. Because point 8 is located at the tip of the scratch,
there is a large strain concentration phenomenon which
becomes more and more obvious with the increase in load.
(e conclusion could be drawn that the scratch only affected
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Figure 5: (e strain fields under failure load.
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Figure 4: Strain-load curves of specimen with (a) L� 15mm and (b) L� 25mm.

Advances in Civil Engineering 5



the distribution of the strain near the scratch (about 40mm)
but did not affect the strain far away from the scratch (point
5) and at the back face (points A, B, and C).

3.3. Failure Mechanisms. Figure 8 shows the load-time and
AE cumulative energy-time curves for the L� 25mm
sample. According to Figure 8, the AE cumulative energy
curve could be divided into three regions. In region I, at the
initial damage stage (0–170 s), the corresponding load was
0–25 kN. At the beginning of the loading, the AE signal was
generated. (e cumulative energy was relatively low, and it
barely increased with an increase in the load. (ere was
slight damage to the sample, but the damage expanded
slowly. Due to the high preparation temperature of the
composite material and the mismatch between the thermal
expansion coefficient of the fiber and the matrix, thermal
stress was generated when the sample was cooled to room
temperature after preparation, resulting in microcracks in
the matrix. AE signals at this stage were mainly generated
when microcracks expanded in the matrix and the interface.

In region II, interfacial damage between the fiber and the
matrix (170–235 s) was observed, and the corresponding
load was 25–34 kN. (e AE cumulative energy increased

gradually as the load was increased, which indicated that the
macrocracks in the matrix expanded steadily and delami-
nation was initiated at the scratch, accompanied by some
fiber breakage. However, the sample still had a load-bearing
capacity, which was as per the DIC results. In region III, i.e.,
the fiber breakage stage (235–340 s), the corresponding load
was 34–48 kN. (e AE cumulative energy increased rapidly
and reached a maximum, which indicated that more fibers
started to break until the sample was completely failed.

From the experimental results, it was found that not all
samples broke from the scratch site. Failure sites were
classified as follows: (a) scratch location, (b) gauge length
(except for scratch location), and (c) grip section, as illus-
trated in Figure 9. Figure 10 helps to explain the reasoning
for the failure sites. In Figure 10, the black boxes denote the
locations of strain concentration. From Figure 10, it could be
noted that when the sample has broken, strain concentration
might occur at the scratch site, the free edge of the sample,
and close to the gripping region, corresponding to all three
failure sites. Localized strain concentration determined the
failure onset of the entire sample.

Figure 11 shows failure morphology of scratch specimen.
(e fracture was disorganized, and a large amount of fiber
breakage and delamination was observed. A large number of
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Figure 6: Strain fields εyy obtained using the DIC technique during testing: (a) L� 15mm and (b) L� 25mm.
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fiber bundles were detached from the plain weave laminate,
and the resin fell off the surface. (is was because the tensile
strength of the fiber bundles was greater than the binding
power between the fibers and the resin; therefore, the fibers
and the resin were separated from the plain weave laminate.
(e scratch rendered the first weave layer unrestrained in the
loading direction, resulting in a lowered bearing capacity.

(is made the fiber prone to separation, tearing, and rapid
failure. When the fiber in the first weave layer failed, the
crack expanded rapidly along the fiber direction, eventually
causing delamination.

4. Conclusions

In this study, the experimental tensile load investigations of
carbon/epoxy plain weave laminates with different scratch
lengths were presented and discussed. (e normal strain
distribution around the scratches was measured, and the
fracture site and morphology were observed. Several con-
clusions could be drawn from these experiments:

(1) (e effect of superficial scratches was insignificant in
terms of tensile strength when the scratch length was
small. Relatively lower tensile strengths were observed
in the samples when the scratch length was more than
80% of the sample width. (is was attributed to the
first layer of the samples having almost no bearing
capacity.

(2) Superficial scratches make the strain near the scratch
decrease with the increase in load at the later loading
stage, and the strain at the scratch tip increases
rapidly with the increase in load. Scratching was also
found to only affect strain distribution near scratch,
with an effective range being 16% of the test sample
length. (e strain far away from scratch and at the
back face was unaffected. Different scratch lengths
had no significant effect on the affected range of
strain in plain weave laminates.
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Figure 11: Fracture morphology of a representative scratched
sample.
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(3) (e failure mechanisms of plain weave laminates
with superficial scratches were characterized by fiber
breakage, leading to delamination. (e failure site of
some samples was not at the scratch site because
localized strain concentration might have occurred
at the scratch site, the free edge of the sample, or
close to the gripping region.
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