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With the rapid development of underground engineering construction, such as deep mining of mineral resources and tunnel
excavation under complex geological conditions, the existing support methods cannot meet the deformation requirements. It is
necessary to conduct in-depth research on the stress status and damage evolution of the hanger rods, to establish a theoretical basis
for the design principles and criteria of key components. In this paper, the degradation law of the mechanical properties of the
hanger steel wire with the degree of corrosion is analyzed in detail. The results show that the corrosion changes the geometry of the
cross section of the steel wire, which leads to the degradation of the mechanical properties of the steel wire. With the increase of
corrosion length and depth, the strength, stiffness, and ultimate strain of the steel wire are reduced to varying degrees, and the
effect of pitting corrosion is more significant than that of uniform corrosion. The closer the holes are, the greater the corrosion

effect is.

1. Introduction

Since the 1980s, with the development of large-scale
highway and urban construction, the construction of
highways and urban bridges, mining of mineral resources,
and excavation of tunnels have been greatly developed in
our country [1-5]. Steel wire is commonly used in many
engineering fields, such as tunnel excavation, under-
ground space structure, and so on [6, 7]. According to the
“2006 Statistical Bulletin on the Development of Highway
and Waterway Transportation Industry” of the Ministry of
Communications, by the end of 2006, the total number of
highway bridges in China had reached 533,600, with a
total of 20,399,100 meters, including 1,036 extra-large
bridges, 1,714,500 meters, and 30,982 bridges, 6,385,800
meters. There are 121,100 middle bridges, but the cross-
section is still circular [8-10]. A large number of repre-
sentative world-class bridges have been built over the
Yangtze River, Yellow River, Pearl River, and other major
rivers and coastal waters.

However, with the rapid development of bridge con-
struction in China, the destruction of bridges during con-
struction or operation also occurs from time to time,
resulting in heavy casualties and property losses, as well as
extremely bad social impacts. Among the bridge damage
accidents in the past ten years, the middle and bottom-
bearing arch bridges are the worst. Among them, the bridge
decks of the Yibin Nanmen Bridge in Sichuan (Figure 1(a))
and the Xinjiang Kongque River Bridge (Figure 1(b)) col-
lapsed in 2001 and 2011, respectively.

From the analysis of the existing accident causes, in
addition to factors such as construction, material quality,
and overloading, another important reason is the lack of a
deep enough understanding of the structural mechanical
behavior and damage mechanism of middle and bottom-
bearing arch bridges [11-17]. Based on the ANSYS finite
element software, this study simulates the effects of uniform
corrosion and pitting corrosion on the mechanical prop-
erties of the steel wire and analyzes the degradation law of
the mechanical properties of the steel wire under different
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FIGURE 2: F-¢ curve of steel wire and the mechanical meaning of each symbol.

corrosion depths or lengths [18]. Before discussing the
degradation law of the mechanical properties of the steel
wire with the degree of corrosion, the symbols in this study
are explained in Figure 2 [19-23].

2. Stress-Strain Relationship of Damaged
Steel Wire

With the increase of corrosion degree, the mechanical prop-
erties such as stiffness, strength, and ultimate strain of steel wire
will be reduced to different degrees. After analyzing the results
of tensile tests of damaged steel wires, Elachachi et al. proposed
the following constitutive relation [24]:

o = Ee, 0<e<E,

E(e-¢,) M

E_ T o~/ v
06+1+C(e—ee)

e<esey,
where ¢ = EeL, — 0,/ (0, — 0,) (€,¢,).

In order to study the degradation law of mechanical
properties of steel wire, Xu [25] conducted corrosion de-
tection and monotonic tensile tests on damaged steel wires.

Two data reflecting the corrosion degree of steel wire are
obtained by testing: the average diameter d., (reflects the

average corrosion degree of steel wire specimens) and the
minimum diameter d,;, (reflects the local corrosion degree
of the steel wire specimen). Also, four mechanical per-
formance parameters of each damaged steel wire including
yield bearing capacity F,, yield strain ¢, ultimate bearing
capacity F,, and ultimate strain ¢, were measured by tensile
tests. It can be seen from the test results that the consti-
tutive relation of each damaged steel wire basically con-
forms to equation (1). The force-strain curves of some steel
wires under different corrosion grades are plotted in
Figure 3.

It can be seen that with the increase of the degree of
corrosion, the mechanical properties such as stiffness,
strength, and ultimate strain of the steel wire are reduced
to varying degrees. The changing law is shown in
Figures 4(a)-4(e).

It can be seen from Figure 4 that the axial stiffness of the
steel wire decreases nonlinearly with the increase of the
corrosion degree. There is an approximately linear rela-
tionship between yield capacity and ultimate capacity and
minimum diameter. When d,,;,, changed from 5.00 mm to
2.94mm, F, decreased from 29.06 kN to 15.15kN, a de-
crease of 47.87%; F,, decreased from 33.41 kN to 17.28 kN, a
decrease of 48.28%. The ultimate strain ¢, decreases linearly
with the decrease of the minimum diameter d,;, of the steel
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FIGURE 3: Bearing capacity-strain curve of damaged steel wire.

wire, and the relationship between the two can be ap-
proximated by an exponential function, as shown in the
following equation:

e, = 1.9591 + 3.43542 x 10 ¢ min/092505, (2)

3. Establishment of Finite Element Model of
Damaged Steel Wire

Both uniform corrosion and pitting corrosion change the
cross-sectional geometry of the steel wire, but their contri-
butions to the brittle fracture of the steel wire are not the same.
Uniform corrosion uniformly reduces the area of the cross
section of the wire, but the cross section is still circular and it
only changes the cylindrical shape of the wire in the longi-
tudinal direction. The local pitting corrosion changes the cross
section of the steel wire due to the formation of local corrosion
pits on the surface of the steel wire, so that the cross section
changes from circular to noncircular. The authors in [26-29]
pointed out that the ultimate ductility of high-strength steel
wire is determined by the geometry of the steel wire, and the
change of the cross-sectional geometry of the steel wire is
determined by the degree of uniform corrosion and pitting
corrosion. When the geometry of the longitudinal cylinder of
the steel wire changes due to uniform corrosion, the ultimate
ductility of the steel wire decreases, and the fracture originates
at the center of the cross section and then spreads to the outer
surface. When corrosion holes are formed on the surface of the
steel wire, the ultimate ductility of the steel wire decreases
more, and the fracture originates from the deepest corrosion
hole on the surface of the steel wire.

Corrosion not only results in a reduction in the ductility
of the wire but also results in a reduction in its strength and
stiffness. The authors in [26, 30, 31] only considered ductility
reduction when simulating steel wire corrosion, and their
research conclusions need to be further expanded. On the
basis of that research, this section also considers the

influence of ductility reduction, strength reduction, and
stiffness reduction of steel wire to study and discuss the
degradation law of the mechanical properties of damaged
steel wire in the section of the boom.

3.1. Defining Model Types, Element Types, and Material
Properties. The steel wire adopts SOLID45 three-dimen-
sional solid element, and the yield criterion adopts von Mises
yield criterion [32]. According to this yield criterion, the
critical shear stress of the steel wire under uniaxial tension is
taken as 0,/3 (0, is the yield stress of the wire).

3.2. Establishing a Steel Wire Model. The finite element
model was first established with intact steel wire, with a
length of 25.4 cm and a diameter of 4.877 mm. The corrosion
section is located in the middle section of the steel wire and
has a length of 5 mm. The steel wire can be divided into 16
segments longitudinally, and the dimensions are
4x31.115mm + 8 X 0.625 mm + 4 x 31.115 mm. Among
them, the middle 8 sections are used to simulate uniform
corrosion and pitting corrosion. The cross section of the steel
wire is composed of the following parts: (1) 16 square units
in the middle with an area of 1.016 mm x 1.016 mm; (2) 4
inner rings to the outer diameter of 2.131 mm; (3) 6 in-
termediate rings to an outer diameter of 2.371 mm; and (4) 8
outer rings to the 2.438 mm outer diameter. In the model, 8
outer rings are used to simulate uniform corrosion, and 6
middle rings are used to simulate pitting corrosion. The
geometric model and meshing of the steel wire are shown in
Figure 5, and the total number of elements is 9216.

3.3. Simulation of Corrosion in the Model. In the finite ele-
ment model of steel wire, the stress concentration at the
crack tip is ignored, and the change of material properties
caused by hydrogen embrittlement is not considered. Using
the accelerated corrosion test data of high-strength steel wire
in the literature [26], that is, the uniform corrosion rate of
0.0838 ym/h, the pitting corrosion rate is taken as 0.3848
um/h. To analyze the effect of pitting pits and irregularities in
the geometry of the wire section, 4 different corrosion
conditions were simulated:

(1) A, uniform corrosion and pitting corrosion in the
direction of 0° of the cross section.

(2) B, uniform corrosion and pitting corrosion in the
direction of 0° and 90° of the cross section.

(3) C, uniform corrosion and pitting corrosion of 0° and
90° of the cross section.

(4) D, uniform corrosion + pitting corrosion at 3 points
of 0°, 45°, and 90° of the cross section.

The solid model of the steel wire does not consider the
large strain property, and the material nonlinearity adopts
the multilinear isotropic strengthening stress-strain rela-
tionship MISO. The ultimate strain of the steel wire is taken
as 5.7%, and all elements whose strain exceeds the ultimate
strain are passivated, that is, multiplying their stiffness by
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1.0x107°. When the nonlinear solution converges, if no
element is passivated, the end displacement is increased by
0.01 and the solution is continued; if any element is pas-
sivated, the end displacement is not increased and the so-
lution is continued. This cycle is repeated until the whole
wire breaks.

4. The Effect of Uniform Corrosion on the
Mechanical Properties of Steel Wire

The uniform corrosion conditions of different corrosion
lengths and depths were simulated, respectively (32 models
in total), and the ultimate strain of the steel wire under each
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FIGURE 5: Wire model and meshing diagram.

TasLE 1: Ultimate strain of steel wire under uniform corrosion.

Corrosion time Corrosion length Corrosion depth ~ Ultimate ~ Corrosion time Corrosion length Corrosion depth Ultimate
(h) (mm) (mm) strain (h) (mm) (mm) strain
1.25 0.008 0.046 1.25 0.042 0.041
100 2.50 0.008 0.045 500 2.50 0.042 0.038
3.75 0.008 0.044 3.75 0.042 0.037
5.00 0.008 0.044 5.00 0.042 0.033
1.25 0.017 0.045 1.25 0.05 0.039
2.50 0.017 0.044 2.50 0.05 0.036
200 3.75 0.017 0.043 600 3.75 0.05 0.034
5.00 0.017 0.042 5.00 0.05 0.031
1.25 0.025 0.043 1.25 0.059 0.037
2.50 0.025 0.042 2.50 0.059 0.034
300 3.75 0.025 0.041 700 3.75 0.059 0.032
5.00 0.025 0.038 5.00 0.059 0.029
1.25 0.034 0.043 1.25 0.067 0.036
2.50 0.034 0.04 2.50 0.067 0.033
400 3.75 0.034 0.038 800 3.75 0.067 0.031
5.00 0.034 0.036 5.00 0.067 0.027

X =.064517

FIGURE 6: “Cup-cone” fracture of the uniformly corroded steel
wire.

working condition is shown in Table 1. The data show
that the ultimate strain of steel wire not only decreases with
the extension of the uniform corrosion length but also
decreases with the increase of the uniform corrosion depth.
When the steel wire is intact, the fracture type is a cup-cone
fracture (see Figure 6); when the steel wire is uniformly
corroded, the fracture originates from the center of the wire
and then expands outward, with the fracture retaining the
cup-cone shape.

4.1. Influence of Uniform Corrosion Depth on Mechanical
Properties of Steel Wire. Under the condition of uniform
corrosion at different depths, the evolution law of me-
chanical properties of steel wire is shown in Figures 7 and 8.

It can be clearly seen from Figures 7 and 8 that when the
uniform corrosion depth of the steel wire gradually develops
from 8.38 (100 h) to 0.067 mm (800 h), the ultimate strain of
the steel wire decreases nonlinearly, from 0.046 to 0.027, but
the reduction in the strength and stiffness of the steel wire is
not significant. At the same time, with the increase of the
uniform corrosion depth, the cross section of the steel wire
becomes smaller, and its cross section shape is still circular.
Because the brittle fracture of the steel wire is greatly affected
by the change of the geometric shape of the steel wire cross
section, the brittle fracture mechanism of the steel wire does
not change under the condition of uniform corrosion at
different depths, and it all originates from the center of the
steel wire cross section, which is a cup-cone fracture.

4.2. Influence of Uniform Corrosion Length on Mechanical
Properties of Steel Wire. Under the condition of uniform
corrosion of different lengths, the evolution law of me-
chanical properties of steel wire is shown in Figures 9 and 10.
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FiGure 8: Influence of uniform corrosion depth on ultimate strain
of steel wire.

It can be seen from the figures that when the uniform
corrosion length of the steel wire gradually develops from
1.25mm to 5.00 mm, the ultimate strain of the steel wire
basically decreases linearly. Compared with the effect of
corrosion depth, under the condition of uniform corrosion
of different lengths, the reduction in strength and stiffness of
steel wire is less obvious.

5. Influence of Pitting Corrosion on Mechanical
Properties of Steel Wire

Table 2 shows the simulation results of the ultimate strain of
the steel wire under different length and depth pitting
corrosion conditions. The results show that the mechanical
properties of the steel wire not only decrease with the

Advances in Materials Science and Engineering

1800 -
1500
1200

900

600

Stress in steel wire (MPa)

300

0 1 1 1 1 1
0.00 0.01 0.02 0.03 0.04 0.05
Axial strain of wire helix

—o— corrosion length 1.27mm
-=— corrosion length 5.08 mm
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F1Gure 10: Influence of uniform corrosion depth on ultimate strain
of steel wire.

extension of the pitting corrosion length but also decrease
with the increase of the pitting corrosion depth, and with the
increase of the number of corrosion holes, the mechanical
properties of the steel wire decrease more, but not signifi-
cantly. Pitting corrosion results in a significant change in the
cross-sectional geometry of the steel wire, from circular to
noncircular. Therefore, compared with uniform corrosion,
the mechanical properties of the steel wire decrease more, and
the brittle fracture mechanism also changes, which originates
from the corrosion holes on the surface of the steel wire.

5.1. Influence of Pitting Depth on Mechanical Properties of Steel
Wire. The evolution law of mechanical properties of steel
wire under different depth pitting corrosion conditions is
shown in Figures 11 and 12.
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TaBLE 2: Ultimate strain of steel wire under pitting corrosion at different positions.

Ultimate strain under each working condition

Corrosion time (h Pitting length (mm Pitting depth (mm
() g length (mm) g depth (mm) A B C D Average value
1.25 0.038 0.046 0.046 0.045 0.044 0.045
100 2.50 0.038 0.045 0.045 0.043 0.043 0.044
3.75 0.038 0.045 0.044 0.042 0.042 0.043
5.00 0.038 0.048 0.048 0.047 0.045 0.047
1.25 0.077 0.042 0.040 0.050 0.038 0.043
200 2.50 0.077 0.040 0.039 0.037 0.035 0.038
3.75 0.077 0.039 0.038 0.036 0.034 0.037
5.00 0.077 0.047 0.045 0.043 0.037 0.043
1.25 0.115 0.038 0.038 0.034 0.033 0.036
300 2.50 0.115 0.036 0.035 0.032 0.031 0.034
3.75 0.115 0.035 0.034 0.031 0.030 0.033
5.00 0.115 0.045 0.039 0.035 0.031 0.038
1.25 0.154 0.033 0.033 0.030 0.029 0.031
400 2.50 0.154 0.033 0.031 0.028 0.027 0.030
3.75 0.154 0.033 0.031 0.028 0.026 0.030
5.00 0.154 0.041 0.035 0.031 0.025 0.033
1.25 0.192 0.031 0.031 0.026 0.025 0.028
500 2.50 0.192 0.030 0.028 0.024 0.022 0.026
3.75 0.192 0.030 0.027 0.024 0.021 0.026
5.00 0.192 0.038 0.032 0.028 0.021 0.030
1.25 0.230 0.028 0.028 0.024 0.022 0.026
600 2.50 0.230 0.028 0.027 0.021 0.019 0.024
3.75 0.230 0.028 0.026 0.021 0.018 0.023
5.00 0.230 0.036 0.029 0.024 0.018 0.027
1.25 0.269 0.027 0.025 0.022 0.020 0.024
200 2.50 0.269 0.026 0.024 0.020 0.017 0.022
3.75 0.269 0.027 0.024 0.020 0.016 0.022
5.00 0.269 0.034 0.026 0.020 0.016 0.024
1.25 0.307 0.029 0.028 0.020 0.019 0.024
300 2.50 0.307 0.031 0.028 0.019 0.016 0.024
3.75 0.307 0.032 0.025 0.018 0.014 0.022
5.00 0.307 0.032 0.023 0.018 0.013 0.022
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FiGgure 11: Continued.
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Figure 11: Changes in mechanical properties of steel wire at different depths of pitting corrosion.
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F1GURE 12: Influence of pitting depth on the ultimate strain of steel wire.

It can be seen from the figures that when the pitting
corrosion depth of the steel wire gradually develops from
0.03848 mm (100h) to 0.3078 mm (800h), the ultimate
strain, strength, and stiffness of the steel wire are reduced to
varying degrees. When the steel wire has one corrosion hole,
the impact of pitting depth on the mechanical properties of
the steel wire is relatively minimal; when there are two
corrosion holes, the effect is centered, but the closer the
corrosion holes are, the greater the impact is; when there are
three corrosion holes, the impact is the greatest.

Under the same corrosion depth, pitting corrosion has
a greater impact on the mechanical properties of the steel
wire than uniform corrosion. At the same time, with the
increase of pitting corrosion depth, the cross-sectional
geometry of the steel wire changes greatly, and the brittle
fracture mechanism of the steel wire changes: the fracture
originates from the deepest corrosion hole on the surface of
the steel wire.

5.2. Effect of Pitting Corrosion Length on Mechanical Prop-
erties of Steel Wire. In the case of pitting corrosion
of different lengths, the evolution law of the
mechanical properties of the steel wire is shown in
Figures 13 and 14.

It can be seen from the figures that when the uniform
corrosion length of the steel wire gradually develops from
1.25mm to 5.00mm, the ultimate strain, strength, and
stiffness of the steel wire all have a certain amount of re-
duction, but it is not significant. Compared with the cor-
rosion conditions A~D, the effect of pitting corrosion length
on the mechanical properties of the steel wire has little
difference. At the same time, the impact of the pitting
corrosion length on the mechanical properties of the steel
wire is much smaller than that of the pitting corrosion depth,
which indicates that the pitting corrosion depth and location
of the steel wire are much smaller. The impact on its brittle
fracture is obvious.
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FiGUure 14: Influence of pitting length on the ultimate strain of steel wire under different working conditions.
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6. Conclusion

In this paper, based on the ANSYS finite element plat-
form, the degradation law of the mechanical properties of
the hanger steel wire with the degree of corrosion is
analyzed. Based on the simulations, we draw the fol-
lowing conclusions:

(1) The geometry of the cross section of the steel wire is
one of the key factors leading to the degradation of
the mechanical properties of the steel wire. The
change of the geometry of the cross section of the
steel wire is mainly determined by the degree of
uniform corrosion and pitting corrosion.

(2) When the steel wire is in good condition, the fracture
type is cup-conical fracture; in the case of uniform
corrosion, the fracture originates in the center of the
wire and then expands outward, with the fracture
retaining a cup-conical shape; in pitting corrosion,
the fracture originates from the corrosion hole on the
surface of the steel wire.

(3) With the increase of the uniform corrosion depth
and length, the ultimate strain of the steel wire
decreases, but its strength and stiffness are not sig-
nificantly reduced; with the increase of the depth and
length of the pitting corrosion, the ultimate strain,
strength, and stiffness of the steel wire are reduced to
different degrees. The effect of uniform corrosion is
more pronounced.

(4) The position and number of corrosion holes have a
certain influence on the mechanical properties of
the degraded steel wire: when the steel wire has one
corrosion hole, the impact of pitting corrosion on
the mechanical properties of the steel wire is
relatively small; when there are two corrosion
holes, the effect is centered, and the closer the
two corrosion holes, the greater the impact; when
there are three corrosion holes, the impact is the
greatest.

Appendix
A

The line segment OA in the figure is parallel to BC, and the
meanings of the symbols are as follows.

¢,: ultimate elastic strain

€yt yie}d strain '

g,: ultimate strain

&, failure strain

F yie.ld bearing ‘capacity f)f steel wire '

F,: ultimate bearing capacity of steel wire

E: elastic modulus of steel wire.
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In situ stress field in deep strata is dominated by self-weight stress and tectonic stress, which is the dynamic source of a series of
mining dynamic disasters such as rock burst, mine earthquake, and collapse. To develop deep resources and build deep en-
gineering construction, the distribution characteristics of the in situ stress field must first be ascertained, so as to provide a basic
basis for the engineering surrounding rock support design and disaster risk prevention and control. In this paper, taking the
Sanshandao Gold Mine in the coastal area as the engineering background, in the early stage of the construction of the 2000 m deep
shaft, the anelastic strain recovery method was used to measure the deep in situ stress field. The laws and characteristics of
hysteretic elastic recovery of rock at different depths are obtained through experiments, and the effects of temperature, time, and
other factors on strain recovery are revealed. The in situ stress test results are basically consistent with the traditional test methods.
This method has low operational complexity and better application effect in deep formations. The research has accumulated test

experience and basis for carrying out in situ stress measurement in the range of 2000 m and even deeper.

1. Introduction

In situ stress is the fundamental force causing deformation
and failure of mining and other underground projects, and
its level and direction have a great impact on the stability of
roadway surrounding rock. In situ stress measurement is a
necessary prerequisite for determining the mechanical
properties of engineering rock mass, analyzing the stability
of surrounding rock, and realizing the scientific excavation
design of underground engineering [1-5]. In the deep
mining of 2000 m, the geological conditions of resource
occurrence are complex, the in situ stress increases, the
ground temperature increases, and the degree of rock
fracture and water pressure increase, which makes it more
difficult to carry out in situ stress tests [6-9]. Under the
action of high ground stress, the deeply buried rock mass

shows different mechanical properties from the shallow rock
mass. The rock shows stronger rheological properties and
greater anelastic recovery deformation. Therefore, this fea-
ture of rock can be used to carry out the experiment of deep
stress measurement by using the anelastic recovery method
[10, 11].

It is used in combination with the drilling caving method
and the hydraulic fracturing method to obtain more
abundant in situ stress data [12]. Especially in the early stage
of deep engineering construction, when the stress relief
method and hydraulic fracturing method cannot be used, the
ASR method can still obtain relatively reliable data and has
wider applicability. Voight first proposed the anelastic strain
recovery method (ASR method), which considers that the
rock has creep (anelasticity), and the anelastic strain of the
rock recovery is proportional to the stress state before the
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isotropic rock strain recovery [13]. Blanton developed the
theory of calculating the magnitude of horizontal principal
stress, vertical stress, and Poisson’s ratio using recovered
anelastic strain, which is based on the belief that rock is
linear viscoelastic, homogeneous, and isotropic [14]. Lin
Weiren applied the anelastic strain recovery method to test
the deep core, and the measurement results were in good
agreement with the measurement results obtained by other
methods [15]. After the 5.12 Wenchuan earthquake, this
method was applied to the measurement of in situ stress in
scientific boreholes for the first time in mainland China. The
research results have a certain reference value for under-
standing the dynamic mechanism of the Wenchuan
earthquake [16].

In order to study the engineering problems of the
wellbore, roadway, large deformation of surrounding rock,
and rockburst in Sanshandao Gold Mine in the depth range
below —2000 m, the ASR method was used to carry out the
measurement of the deep in situ stress field.

2. Principle of ASR Method
(Constitutive Equation)

2.1. Arrangement of Strain Gauge. The anelastic strain re-
covery measurement of the measuring core shall ensure that
the strain recovery value is not less than six independent
directions. Two methods of strain rosette or strain gauge can

g (1) = (%) [(312 - l)ax +(3m2 - l)ory +(3n2 - l)oz +6lmt,, + 6mnty, + 6nlrzx]]as(t)

+ (0,0 — po)Jav(t) + ap AT (2).

where [, m, andn are direction cosines of the strain axis,
corresponding to the x, y, andz axes; o0,,0,0,
Ty Typ» and T, are stress components; o, is the average
normal stress; p, is the pore water pressure; «y is the linear
thermal expansion coefficient; AT (t) is the temperature
change during measurement; and Jas(f) and Jav (¢) are the
ASR compliance in shear mode and volume mode,
respectively.

The above equations provide the computational basis for
the ASR measurement method. The anelastic strain depends
on the in situ stress tensor component, pore water pressure,
temperature changes in the core during the experiment, and
anelastic strain recovery compliance in shear and bulk
modes. Therefore, if the material constant (Jas (t), Jav (t), ar)
and pore water pressure are known, and the temperature is
constant during the test, the three-dimensional in situ stress
tensor can be obtained by measuring the anelastic strain in
no less than six independent directions.

For an isotropic viscoelastic material, the three principal
directions of the in situ stress are consistent with the three
principal directions of the anelastic strain. Therefore, it is
only necessary to determine the direction of the principal
strain to obtain the direction of the principal stress.
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be used, and the strain rosette method is used in this ex-
periment. The core is taken out from the drilled hole, with
the top of the specimen facing upwards, and the surface is
ground after cleaning the core. The strain flowers were
pasted on the surface of the core along the baselines at —45°,
0°, 45°, and 90°, respectively, as shown in Figure 1.

The direction of the long axis of the variable plate is
called the axial direction. The experimental strain gauge has
a total of 9 axes from al to a9. The relationship between the 9
axes and the coordinate axes is as follows: the axis al is
parallel to the x-axis and perpendicular to the y and z axes;
the axis a2 is parallel to the y axis and is parallel to the x and z
axes. The axis is vertical; the axis a3 is parallel to the z-axis
and perpendicular to the x and y axes; the axis a4 is oblique
to the x and y axes by 45°; the axis a5 is oblique to the x and y
axes by 45° and is perpendicular to the z-axis; the x and z axes
are obliquely intersected by 45°; the axes a8 and a9 are
obliquely intersected with the y and z axes by 45°, as shown
in Figure 2.

2.2. Constitutive Equations. K. Matsuki proposed an ASR
measurement method to determine three-dimensional in
situ stress [17]. For isotropic viscoelastic materials, the local
stress and pore water pressure are gradually released at =0,
and the normal anelastic strain recovers in time from 0 to t,
which is represented as follows:

The principal stress deviator is given by the following:

si=0;—0,(i=12,3). ()

In the formula, s; is the principal stress deviation
(51, 85> $3); 0; is the three principal stresses (0, 0,, 05); and g,,,
is the average principal stress, 0, = (0, + 0, + 03)/3.

The principal strain deflection is given by the following:

e =& —e,(i=1,23) (3)

In the formula, e; is the principal strain deflection
€1, e, e3; €; is the three principal strains ¢, ¢,, &5; and e,,, is the
average principal strain, e,, = (& +¢&, + &)/3.

Through theoretical tests, it can be proved that the ratio
of the deviated components of the principal stress is given by
the ratio of the deviated components of the anelastic strain
[18, 19]. If the rock material is isotropic, the ratio of the
direction of the in situ principal stress to the principal stress
deviator can be determined without knowing the anelastic
strain recovery flexibility of the two modes.

2.3. Calculation of Principal Strain. The core coordinate
system is set as 0-xyz, and the z-axis is the same as the radial
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direction of the core. Then, the relationship between the
strain value measured by the rosette attached to the core
surface and the strain tensor can be written as the following
formula:

Ae=b. (4)

In the formula, ¢ = [ex,ey,sz,exy,eyz,szx]T represents
the strain tensor of the rock, b= [b,b,,b;,
by, bs, bg, by, by, by]” is the strain value measured by the
strain gauge pasted on the core surface, and b,,b,,
bs,b,, bs, bg, by, b, by corresponds to the axial strain acqui-
sition values of al-a9 in this measurement. A is the coef-
ficient matrix, and the expansion formula (5) of A is as
follows:

2 omt n) 2Lm, 2mny 2,
B ml n} 2l,m, 2myn, 2n,l,
B mi n} 2lymy 2myn, 2nml;
L omi n} 2,m, 2myn, 2n,,
A= m} n 2lsmg 2mgns 2nsls |- (5
 ml nl 2gmg 2mgng 2nglg

m, n, 2lm, 2mon, 2n,l,

mg ng 2lgmg 2mgng 2ngly

2 2 2
Iy my ny 2lgmg 2mgng 2ngl, |

l;,m;,n; is the cosine of the axis al-a9 relative to the
coordinate system o-xyz. From the pasting method of the
strain gauge, we can see that the cosine of each strain axis is
shown in Table 1.

Substituting the data in the table into the expansion of A,
the coeflicient matrix A can be obtained as the following
formula:

rT 0 0 0 0 07
0 1 0 0 0 O
0 0 1 0 0 O
0505 0 1 0 O
A=10505 0 -1 0 O (6)
05 0 05 0 0 -1
05 0 05 0 0 1
0 0505 0 -1 0
L0 0505 0 1 O

The number of unknowns in the strain component (1) is
n=6, and the number of independent equations is m=09.
The most accurate solution can be obtained by using the
least-squares method to solve the above overdetermined
equations. The least-squares method is used to solve the
following equation (7), and the solution process is as follows:

3
ATAe = A"D. (7)

The solved equation is as follows:
e=(ATA)"Ab. (8)

The strain component ¢ can be solved from this, and it
can be represented by three principal strains, and the
magnitude of the principal strain can be obtained by solving
the following equation:

“"x_/1 Exy Exz l
g & A Ey m t =0. (9)
& &y &-Alln

To solve the above system of linear homogeneous

equations, the determinant coefficient can be 0 to solve. The
specific solution process is as follows:

e, —A &y Exg
&y & -4 &, |=0. (10)
&x &y & - A

The determinant is expanded to a cubic equation in one
variable:

& — (e + & + &) + (628 + &5, + £,6,)e — £,6,65 = 0,
(11)

where & +& te3 = e, te, &eteE HEE =EyE Tt
£y Exky €, — €y €y E1883 = E4EE, — E,E), — €)1~
.80y T 28,8,y

The result of solving the above one-dimensional cubic
equation is the three principal strain values.

It can be seen that the solution process of the above
equations is actually to find the eigenvalues and eigenvectors
of the matrix. The eigenvalues of the matrix are the principal
strains, and the eigenvectors are the direction cosines of the
principal strains. Therefore, knowing the geographic di-
rection of the principal strain will know the geographic

direction of the principal stress [20, 21].

2.4. Calculation of Principal Stress. The magnitude of the
principal stress o;(i = 1,2,3) calculated by the anelastic
strain recovery method can be obtained from the
following:

I () . {e,, () — ap AT (1)}
" Jas(t) Jav (t)

In the experiment, the constant temperature water tank
ensures that the temperature change is 0, so as long as
Jas(t),Jav (t), and the in situ principal stress can be obtained
according to the deviatoric strain and pore water pressure.
Then, the vertical stress can be expressed by the following
formula:

+ Po- (12)
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FiGure 1: Schematic diagram of the arrangement of strain gauges on the core surface.
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FiGure 2: Corresponding axial positions of the strain gauges.

{([Ber () + mye, (£) + nyes (1)]/ (Jas (£)/Jav (1)) +e,,, (1)}

(13)

g, =

! Jav (1)

where [,,,m,,n, is the cosine of the direction between the
vertical stress and the three principal strain axes.

Jas(t),Jav(t) is the anelastic strain recovery flexibility
under the two modes, which can generally be obtained from
experiments. Some literature approximates the ratio of the
two [22, 23]. At the same time, the vertical principal stress is
equal to the gravity of the overburden:

o, = pgh. (14)

Therefore, it can be obtained from the previous article,
and (12)-(14) can be combined to complete the stress so-
lution, thereby obtaining the values of the maximum
principal stress, the intermediate principal stress, and the
minimum principal stress.

3. Field Experiment of ASR Method

3.1. Engineering Background. The Sanshandao Gold Mine is
located in Laizhou City, Shandong Province. From the
perspective of regional structural conditions, it is located on
the east side of the Yimu fault zone. The geology of the

+ Do>

mining area is controlled by the regional EW tectonic system
and the NNE trending Neocathaysian tectonic system. In
order to meet the development and utilization of deep
mineral resources in the Sanshandao Gold Mine, a shaft with
a diameter of 10 m and a depth of —2000 m is proposed to be
built in the Xiling mining area as an auxiliary shaft in the
mining area. During the preliminary engineering survey, the
drilling depth of the exploration hole is —2017 m. The li-
thology of the deep strata is mainly granite. Figure 3 shows
the core exposure of the deep part of the formation.

After years of mining, the research experience in the
Sanshandao Gold Mine shows that the deep formationisina
state of high stress and strong compression, and the rock has
high hardness and high energy content. In construction
disturbances, it is easy to produce strong rock dynamic
disasters, which brings challenges to excavation support.
Under the influence of high stress, the wall of the deep shaft
and the structural material of the chamber will be deformed
and damaged. As the depth increases, the in situ stress
increases linearly. When reaching a certain depth, the entire
deep formation rock mass is in a state of strong compressive
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TaBLE 1: Cosine values of each strain axis.
) ) Direction cosine
Strain axial
I; m; n;
a 1 0 0
as 0 1 0
a; 0 0 1
ay 0.7071 0.7071 0
as 0.7071 -0.7071 0
ds -0.7071 0 0.7071
a 0.7071 0 0.7071
ag 0 0.7071 -0.7071
ao 0 0.7071 0.7071

FIGURE 3: Core exposure of some strata (—1815.56~—1820.16 m, —1897.46~—1902.06 m).

stress due to the constraint of the surrounding rock. Once
the external conditions change, the stress inside the rock
mass will crush the rock, and the energy will be released
rapidly, causing damage to the deep well engineering
[24-26].

For this shaft engineering area, the current in situ stress
test depth is about —1000 m, and the main method used is
the division method that can be applied in well extension
engineering. The stress status of deeper formations is still
unclear, and it is urgent to carry out in situ stress tests at a
depth of —2000m for various engineering risks that may
occur in well construction projects [27, 28]. Since there is no
well-extension project such as roadway at this depth, the
stress relief method cannot be tested, so the hydraulic
fracturing method and ASR method are mainly used for
testing. This paper mainly introduces the sampling test work
of the ASR method in the range of —1180 m ~ —1960 m; the
magnitude of the in situ stress can be obtained, and the
determination of the initial direction of the core is generally
obtained by the paleomagnetic method, which requires
special indoor conditions and instruments to be completed.
Limited by the field test conditions, the in situ stress in the
deep formation is mainly measured by the ASR method, and
the in situ stress field direction is obtained by the hydraulic
fracturing method, which will not be introduced in this

paper.

3.2. Experimental Device. ASR measurement equipment
mainly includes deformation monitoring system, constant
temperature  system, information acquisition, and

processing system. By measuring the anelastic microstrain
recovery of the in situ oriented core in the deep formation,
and using the acoustic monitoring system to monitor the
core acoustic emission (energy) and wave velocity field
evolution, the three principal stresses of the stratum where
the core is located can be calculated, which provides a basis
for studying the creep mechanism of rock unloading under
high in situ stress.

Deformation monitoring system is used to measure the
multidirectional deformation of rock samples. The Donghua
test DH3816N static stress-strain test and analysis system
combined with the supporting software DHDAS dynamic
signal acquisition and analysis system was used to monitor
the strain of the core specimen.

Constant temperature water bath system is used to
provide a constant temperature test environment for rock
samples. The constant temperature system is an important
factor to ensure the accurate results of ASR in situ stress
measurement. In this experiment, the TYC-DZ type an-
elastic strain recovery method three-dimensional in situ
stress test system-high-precision water bath incubator is
used. The temperature change range of the constant tem-
perature water bath is within +0.1°. The instrument is shown
in Figure 4.

3.3. Experimental Process. The core used in this anelastic
strain recovery method in situ stress test was taken from the
auxiliary shaft exploration borehole in the Xiling mining
area of the Sanshandao Gold Mine. On-site sampling needs
to be taken back to the laboratory immediately after the XY-
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FiGure 4: High-precision water bath constant temperature system.

8 drilling rig salvages the core, and the core sample is
measured immediately after the core sample is lifted from
the borehole. The selection of core samples generally needs
to meet the following conditions: @ the core texture is
uniform and there is no original crack; @ the length of the
core sample is 15-20 cm, the surface is complete, and the
strain gauge can be attached; ® the deeper the core is
collected, the more accurate the calculation is. Because more
stress is released and the strain recovery is larger, it is easier
to calculate the in situ stress state; @ try to stay away from
the fault zone in the formation.

After past the gauge, as shown in Figure 5(a), the strain
gauge is connected to the DHDAS dynamic signal strain
acquisition instrument (using terminal blocks) to check
whether the channel is balanced. After the inspection is
correct, the core is wrapped (guaranteed to be sealed) and
placed in a constant temperature water tank for testing; at
the same time, the temperature of the water tank must be
consistent with the in situ temperature environment of the
rock sample during the test. At the same time, a core of the
same lithology is used as a compensation sample to connect
to the compensation channel of the strain acquisition in-
strument to exclude the influence of system displacement
and thermal expansion of the rock. During the test, the long-
term stability of the core and the equipment and the constant
temperature should be ensured for about 7 days. The ASR
experimental acquisition system is shown in Figure 5(b).

4. Data Analysis and Discussion

4.1. Calculation and Analysis of Measured Data. The core
sample is granite with a diameter of ¢60 and a length of
150~200 mm. The measurement duration for each core
sample is 6-7 days. In total, anelastic strain recovery tests of
five samples in the depth range of —1180 m to —2008 m were
completed. The anelastic strain recovery curves are shown in
Figures 6-9; in order to facilitate comparison, —1180 m rock
samples are tested at room temperature, other rock samples
are placed in the water bath incubator, and the data with
small error and good continuity in 9 directions are selected
for analysis. It can be seen from the recovery curve that the
anelastic strain of each strain gauge is a tensile change,

indicating that the rock sample is under compression in the
in situ state. With the increase of measurement time, the
strain recovery occurred in all 9 strain axes of the test core,
and gradually became flat and became stable on the 5th to
7th day.

Temperature changes have a significant effect on rock
hysteretic recovery. At the beginning of the experiment, core
samples at a depth of -1180m were tested at room tem-
perature. As shown in Figure 6, with the passage of time, the
overall trend of the hysteretic recovery strain curve is up-
ward. Except the al strain curve, which reaches 900
microstrains, the maximum values of other strain curves are
in the range of 300-550 microstrains. However, with the
periodic increase and decrease of temperature between day
and night, the strain curve will also change periodically, and
a temperature difference between day and night can cause
150 microstrain errors. Therefore, the ASR method needs to
be guaranteed under constant temperature conditions.

The four core samples in Figures 7-10 were tested under
constant temperature conditions. The strain curve is rela-
tively smooth. The temperature adjustment of the incubator
has a slight but negligible effect on the curve. During the
testing process of the —2008 m core sample, the a5, a7, and a8
strain gauges fell off and only the strain recovery in 6 di-
rections was recorded, which could meet the calculation
requirements.

Table 2 shows the final anelastic strain recovery mea-
surements for the 4 specimens. The value of each strain
component is in the range of 300 to 1500 microstrains,
which can meet the requirements of the measurement.

After obtaining the anelastic strain values through actual
measurement, firstly 6 strain values are obtained by solving
the aforementioned equations (8) and (11) and then the
eigenvalues and eigenvectors of the strain matrix are found,
which are the directional cosines corresponding to the 3
principal strains and principal strains.

The principal stress values are solved by (12)-(14).
Among them, the ratio of shear mode anelastic recovery
flexibility to volume mode anelastic recovery flexibility is set
as 2, and the average density of the overlying rock layer is
2.7 g/cm’. Then, the vertical principal stress can be calcu-
lated by (14), and finally, the maximum principal stress value
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FIGURE 6: —1180 m core sample anelastic recovery strain curve.

and the minimum principal stress value of the corre-
sponding depth are obtained, as shown in Table 3.

In order to verify the validity of the experimental results
of the ASR method, as a reference object for comparison, this
paper also gives the distribution law of the in situ stress test
results obtained by the hydraulic fracturing method [29], as
shown in equation (15). The maximum and minimum
principal stress values corresponding to the experimental
depth of the ASR method were calculated, respectively, as
shown in Table 3.

Opax = 0.030D +10.142
Opmin = 0.019D + 7.986
0, =0.027D - 0.019.

(15)

Among them, D is the absolute value of drilling depth,
and the unit is m; the unit of principal stress 0,4, Opnin> T, 18
MPa.

Compared with the test results obtained by the hydraulic
fracturing method, the results obtained by the ASR method
are basically the same, and the absolute value of the error is
in the range of 0.4-10.4%. Time is the most important factor
affecting the test results. The time for core strain recovery to
be basically completed is generally 3-5 days. With the in-
crease of depth, the recovery time increases slightly without
much change. However, after the core is separated from the
in situ formation at the bottom of the hole, the elastic strain
will recover rapidly in a short time, and at the same time, the
anelastic strain will also begin to recover. In the drilling
exploration, the core is taken out by rope coring, which takes
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FIGURE 7: —1816 m core sample anelastic recovery strain curve.
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FIGURE 8: —1879 m core sample anelastic recovery strain curve.

about 1 hour. After that, the experimental preparation
process such as pasting the strain gauges also takes about 1
hour, so the experimental measurement actually lags behind
for a period of time. However, the rate of anelastic strain
recovery during this period is still relatively large, resulting
in the loss of some initial recovery amount, causing the
anelastic strain recovery amount used in our calculation to
be smaller than the actual strain amount, and the obtained
stress results will also be smaller than the actual amount. To
overcome the influence of time factors, it is necessary to
ensure that the experiment can be carried out quickly after
the core leaves the original position, so as to eliminate the
error caused by the time factor as much as possible.

4.2. Discussion. The amount of anelastic strain recovery of
cores at different depths is different. From the core strain
recovery curves at different depths, we can see that the strain
recovery is proportional to the depth, which also shows that
the deep in situ stress is greater than the shallow in situ
stress. Compared with the shallow part, the anelastic re-
covery value of the deep core is larger. In literature [18, 19],
the ASR test depth is —746 m ~ —1173 m, and the maximum
anelastic strain of the core reaches 600~1000 microstrains. In
this experiment, the strain values measured in the —1180 m
core sample ranged from 300 to 900 microstrains. However,
the anelastic strain of the core at the depth of —2008 m
obtained in this paper reaches 1600 microstrains, which
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FiGure 10: Comparison of test results of ASR and hydraulic
fracturing.

shows that with the increase of depth, the anelastic strain
recovery of the core is larger. Of course, this difference may
also be caused by different lithology, and the anelastic
characteristics of different mineral compositions are dif-
ferent. And the larger the anelastic strain recovery is, the

smaller the measurement error is, and the influence on the
results is relatively small. Therefore, the ASR method is more
suitable for deep hole cores.

The hydraulic fracturing method has many unique
characteristics in testing stress in shallow holes and has been
widely used in rock engineering, oil drilling, and seismic
research. There are few hydraulic fracturing tests in the
literature with a depth of more than 1000 m, and most of
them are concentrated in shallow formations [30, 31].
During deep hole testing, the research team found that
hydraulic fracturing is affected by many factors. Deep
boreholes often appear necking, collapsed, and setback,
causing the test instrument to get stuck or fall off. The in-
crease in the number of test reciprocations also causes
damage to the hole wall, which ultimately results in a sig-
nificant increase in the hydraulic fracturing test cycle and an
increase in economic costs. In contrast, the ASR method can
be performed simultaneously during the drilling process and
has the advantages of simple operation, short construction
period, and low cost [32, 33].

In this paper, the exploration and application of the ASR
method in deep hole drilling is carried out. Under the
conditions of deep well extension engineering (such as
roadways and chambers with a depth of —1500 m), the test
can be carried out simultaneously with the stress relief
method. In addition to the paleomagnetic method, the initial
orientation of the core sample can also use the borehole wall
imaging technology. In the next step, when the ASR method
experiment is carried out in the deep hole, the ultrasonic
borehole imaging technology can be used to determine the
core orientation, so as to obtain the principal stress direc-
tion. The drilling depth required by the stress relief method
is shallow, generally in the range of 8 m to 12 m. Due to the
short coring time, while making full use of the stress relief
method to drill the core, the core orientation can also be
determined by drilling TV and other techniques in this
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TABLE 2: Strain recovery of different strain axes in deep core.
Strain axis (m) a, a, as ay as as a, ag ao
-1180 443 513 328 347 563 432 402 497 935
-1816 611 681 651 776 882 871 825 902 1058
-1879 800 888 927 1055 1109 777 1121 1476 1099
-1960 632 590 715 919 539 739 1021 639 759
TaBLE 3: In situ stress measurement results by ASR method and hydraulic fracturing method.
ASR Hydraulic fracturing

Depth (m)

Opnax (MPa) Opin (MPa) o, (MPa) O ax (MPa) Opmin (MPa)
-1180 42.78 33.24 30.7 45.54 30.41
-1816 63.45 44.58 49.1 64.62 42.49
-1879 66.24 46.91 50.7 66.51 43.69
-1960 73.76 50.46 55.8 68.94 45.23
depth range. Therefore, the accuracy and difference of the ~ Data Availability

above two methods are compared within the same sur-
rounding rock area, and the engineering experience and
scientific research data foundation are further accumulated
for the improvement of the ASR method [34-36].

5. Conclusion

(1) Taking the —2000 m deep shaft of the Sanshandao
Gold Mine as the engineering background, the ASR
method was used to measure the deep in situ stress.
The maximum principal stress values o,  of
-1180m, -1816m, —1879m, and -1960m are
42.78~73.76 MPa, and the minimum principal stress
values 0,.,;, are 33.24~50.46 MPa, respectively, which
provide important basic data for shaft engineering
construction, surrounding rock stability, wellbore,
and roadway support design.

(2) Comparing the in situ stress measurement results of
the ASR method with the hydraulic fracturing method,
the two are basically consistent, and the absolute error
is in the range of 0.4~10.4%. This proves the reliability
of in situ stress measurement by ASR method, which
can reduce the error and further improve the accuracy
of ASR method by controlling the influence of time.

(3) The ASR method is more suitable for in situ stress
measurement of deep rock formations with good
integrity. The in situ stress level increases with depth.
At the same time, the measurement error decreases
with the increase of elastic strain recovery, which
makes the applicability of the ASR method better.

(4) Disadvantages such as hole collapse and shrinkage
can be avoided using the ASR method. It can be
carried out simultaneously with the engineering
exploration and drilling process in the early stage of
engineering construction. The ASR method is easy to
operate, does not affect the construction period, and
has significant advantages in the measurement of
deep in situ stress.

The data used to support the findings of this study are
available from the corresponding author upon request.
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The engineering rock mass is generally composed of the rock matrix and structural plane and is an anisotropic inhomogeneous
geological body. Accidents such as roof collapse and well caving caused by joint and fissure expansion occur frequently during
tunnel excavation and service, resulting in serious casualties and economic losses. It is of great theoretical significance and
engineering value to study the fracture mechanism of the jointed rock mass to ensure the stability of the surrounding rock and the
safe and efficient utilization of the urban underground space. To investigate the effects of crossed cracks on mechanical properties
and failure characteristics of rock, wire cutting equipment is employed to make rock samples with different crossed cracks, and
then acoustic emission system and digital image correlation technique are used to study the fracture process of rock samples under
uniaxial compression. It has been found that the strength of rock samples with a single crack is generally larger than that of
samples with cross cracks, and the strength changed with the angle of the crack in a “V” shape. When the angle of preexisting crack
is 60°, the rock strength reaches the lowest. The primary crack has a more obvious influence on rock strength and is the main
controlling factor of rock fracture. The initiation stress of rock samples with a single crack changes more significantly with angle.
When the angle of the primary crack is 45°, the rock sample is most prone to crack initiation failure, and the crack initiation stress
is only 1/4 to 1/2 of the strength. There are two types of cracks: wing and anti-wing, and the tensile cracks are the main ones. It is
revealed that the fracture of cracked rock has significant directional characteristics. For the samples with cross cracks, the primary
crack is the main control factor of crack initiation, and the secondary crack has a certain guiding effect on the crack.

1. Introduction

Rock mass in nature is a heterogeneous and discontinuous
multiphase composite material, which contains a large
number of natural defects. Under the action of external
loads, these preexisting joints or fissures will expand and
connect with each other, thus forming macrocracks,
resulting in rock mass failure. A large number of studies
show that the geometry of joints (e.g., angle, width, length,
quantity, and so on) has an important effect on the strength
and deformation behavior of jointed rock masses. For ex-
ample, Lajtai [1-3] studied the initiation law of preexisting
cracks under external loading by using rock-like materials
and summarized the types and propagation modes of new
cracks in detail. Chen et al. [4-6] conducted uniaxial

compression tests on samples made of gypsum and studied
the influence of factors such as joint spacing, dip angle, and
connectivity on the strength, elastic modulus, and stress-
strain relationship of a discontinuous jointed rock mass. Liu
et al. [7] systematically analyzed the peak strength and
failure mode of preexisting jointed rock mass under uniaxial
compression under seven working conditions, including
different joint dip angles, joint coherence, and number of
joint groups. Wang et al. [8] studied the combined effect of
joint density and dip angle on the strength and deformation
characteristics of the sample with open joints under uniaxial
compression. Guo et al. [9, 10] used water jet cutter tech-
nology to prepare real granite cracked samples and analyzed
the crack initiation law, strength characteristics, and failure
mode of the cracked rock mass under uniaxial compression.
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Furthermore, Shen et al. [11] conducted uniaxial com-
pression tests on a series of cracked gypsum samples, an-
alyzed the coalescing and fracture mechanisms of the rock
bridge, and found that they were related to the relative
positions of two parallel cracks. Zhou et al. [12] conducted
an experimental study on rock samples with cross cracks,
which demonstrated the generation, expansion, and merger
process of two three-dimensional cracks in rock-like samples
under uniaxial compression. Zhang et al. [13, 14] conducted
uniaxial compression tests on 20 groups of rock samples
containing cross cracks, studied the influence of the angle
between primary and secondary cracks on the failure mode
and mechanical properties of the rock samples, and explored
the failure mechanism of the cross-cracked rock mass with
Abaqus numerical software. With the aid of acoustic
emission technology and a surface strain measurement
system, Xu et al. [15] prefabricated orthogonal cross cracks
with different distribution states with wire cutting equip-
ment and analyzed the crack initiation stress, propagation
path, and stress properties of granite samples under uniaxial
compression. Chen et al. [16] studied the uniaxial com-
pression mechanical properties and deformation law of the
“T” shaped cross-cracked rock samples, and the study
showed that the main crack dip angle played a decisive role
in the peak stress of the sample, while the secondary crack
affected the peak stress of the sample to a certain extent.
Based on DIC and AE techniques, Pan et al. [17] studied the
prefailure energy evolution of granite with conjugate joints
in uniaxial compression tests.

Cross cracks widely exist in the actual rock mass. The
laboratory study on the mechanical fracture evolution of
samples with cross cracks at different angles can provide
important guidance for rock mass engineering [18-20].
Although a large number of studies have been carried out on
the mechanical properties and damage evolution of pre-
fabricated rock samples with fractures, there are few studies
on the mechanical characteristics of rock samples with
fractures, and most of them are confined to the description
and qualitative interpretation of experimental phenomena
[21-23]. At present, the study of cross cracks in natural rocks
is a research focus in the field of rock fracture mechanics
[24-26]. In this paper, uniaxial compression experiments of
granite samples with cross cracks were performed using the
compression-testing machine system and the AE testing
system. At the same time, the DIC system was used to study
the evolution of the local stress field at different loading
times. Based on physical tests, this paper will explore the
strength characteristics and crack propagation law of cross-
cracked granite samples, reveal their fracture mechanism,
and provide theoretical guidance for the stability prediction
of fractured rock mass and the deformation control of
underground space engineering structure.

2. Cracked Samples and Testing Methods

The matrix of granite contains fine grains, and the granite
with an average porosity of 1.29% is composed of quartz,
potassium feldspar, and biotite. The average density of the
samples is 2.6g/cm’, and the P-wave velocity is about
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4950 m/s. In order to facilitate the monitoring of the crack
propagation path during the loading test, the granite samples
are machined to be cube with 50 mm length, 25 mm width,
and 100 mm height. As illustrated in Figure 1, the central
position of the sample is prefabricated with a size of
20mmx 0.3mm (primary crack) and 15mm X 0.3 mm
(secondary crack) through cracks. The primary crack and
secondary crack are indicated by red line and blue line,
respectively. The angle between the primary crack and the
secondary crack is «, and the included angle between the
primary crack and the vertical direction of the specimen is f3.
In the experiment, five included angle changes of 0°, 30°, 45°,
60°, and 90° were considered, so there are 25 distribution
states of cross joints. The typical samples with cross cracks
are shown in Figure 2.

Uniaxial compression tests are carried out on the GAW-
2000 rigid testing machine as shown in Figure 3. The loading
is controlled by the apparatus displacement with a speed of
0.03 mm/min. During the loading process, acoustic emission
monitoring and digital image correlation technique are used
to collect the acoustic emission data and surface strain data
at intervals of 0.5s and 1, respectively.

3. Test Results

3.1. Strength and AE Characteristics. The stress and AE
events of the samples along the loading time are obtained in
Figure 4. It can be found that with the loading time in-
creasing, the stress of the sample gradually increases to the
compression strength and then decreases suddenly because
of failure. During the uniaxial compression test, there are
almost no acoustic emission events in the crack compaction
stage and elastic stage. Only when the crack initiation stage is
reached, the acoustic emission count will increase suddenly.
Therefore, we take the stress when the AE counts suddenly
increase as the crack initiation stress. After rock initiation,
AE events continue to occur, and cracks continue to develop
and expand until rock failure. As shown in Figure 4, AE
events occur at different time points due to the preexisting
cracks, and the initiation stress of the rock also varies greatly
with the preexisting cracks. The uniaxial compression
strengths (i.e., UCS) and crack initiation stresses (i.e., CIS) of
the samples with different cracks are shown in Table 1.

According to the data analysis in Table 1, the uniaxial
compression strength and initiation stress of the cracked
samples are lower than those of the samples without the
crack. When the angles of  and « are 0° (i.e., the crack is
parallel to the loading direction), the average value of
uniaxial compression strength is 115.65 MPa and the average
value of crack initiation stress is 88.27 MPa, which are the
largest in the samples. On the contrary, the compressive
strength and initiation stress of rock samples are the lowest
when $=60" and a=60°. The variation in crack initiation
stress with crack angle is shown in Figure 5.

As shown in Figure 5(a), when the angle of f3 is 0°, the
initiation stress of the rock samples decreases gradually with
the increase of &, when the two cracks are orthogonal, the
initiation stress is the lowest, and the initiation stress of the
crack has an obvious response to the variation of crack angle.
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When >0, the crack initiation stress varies less; however,
according to the analysis of the overall variation law, the
crack initiation stress of rock samples decreases first and
then increases with the angle between cracks, and the crack
initiation stress is generally minimum when « is 45° or 60°.
Therefore, the smaller «, the higher the initiation stress of the
rock. When the crack angle « is constant, the crack initiation
stress of rock samples decreases first and then increases with
the increase of the main crack angle f, as shown in
Figure 5(b), the minimum initiation stress occurs when f is
45° or 60°, and the response of single crack to rock initiation
stress is more significant.

The ratio of crack initiation stress to peak strength is
defined as the crack initiation stress ratio #, 1 = 0;/0., where
0, is the initiation stress of rock and o, is the peak strength of
rock. According to the distribution range of # in Figure 6, the
initiation stress of rock samples is 20% to 80% of the peak

strength. The crack initiation stress ratio of rock samples
with a single crack is generally larger than that of rock
samples with cross cracks. When the angles of a single crack
are 0° or 90°, # reaches 0.76 and 0.77, respectively. At this
point, the sample exhibits a strong and rapid brittle failure,
and the rapid development of cracks at the end of the crack
leads to the overall failure of the sample. At the same time,
the rock samples with higher initiation stress have more
energy gathering before crack initiation and faster energy
release rate after initiation.

When the crack angle « is constant, the crack initiation
stress ratio # decreases firstly and then increases with the
increase of . When f3 is 45, the rock sample is more prone to
crack initiation, and the crack initiation stress is only 1/4 to
1/2 of the peak strength. Such rock samples are fractured
under the action of lower load, and the energy gathered in
the initial stage is released, the failure of rock samples is
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TaBLE 1: UCS and CIS of the samples with different crack angles.

The stress ratio

Sample number Uniaxial compression strength (i.e., UCS) (MPa) Crack initiation stress (i.e., CIS) (MPa) (between CIS and UCS)

00-00 115.65 88.27 0.76
00-30 97.85 46.98 0.48
00-45 52.43 33.49 0.64
00-60 57.61 23.07 0.40
00-90 47.91 19.28 0.40
30-00 80.76 29.38 0.36
30-30 64.44 29.60 0.46
30-45 59.35 24.49 0.41
30-60 62.91 25.94 0.41
30-90 62.12 26.31 0.42
45-00 44.04 24.01 0.55
45-30 50.44 24.54 0.49
45-45 46.55 13.13 0.28
45-60 37.77 9.46 0.25
45-90 44.63 10.42 0.23
60-00 38.26 17.22 0.45
60-30 40.55 16.20 0.40
60-45 43.74 21.35 0.49
60-60 2523 9.08 0.36
60-90 41.64 24.32 0.58
90-00 43.14 33.33 0.77
90-30 40.94 18.03 0.44
90-45 42.45 14.99 0.35
90-60 46.33 23.88 0.52
90-90 36.94 23.20 0.63
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FIGURE 5: Variation law of crack initiation stress of rock with crossed cracks. (a) Relationship between crack initiation stress and «. (b) Relationship

between crack initiation stress and f.

progressive, and the crack growth rate is relatively slow. On
the contrary, when f3 is 0° or 90°, the crack stress ratio is
higher. The failure process of two samples is relatively quick
and shows a more obvious brittle failure characteristic. There
is no obvious warning before rock failure, so it is difficult to
prevent and predict such rock failure. According to the
analysis of the initiation stress and the stress ratio #, when 8
is 45° or 60°, not only the initiation stress is low but also the

fracture is easy to occur, and the crack has a great influence
on the initiation characteristics of rock samples.

3.2. Surface Maximum Principal Strain Characteristics.
There are usually two kinds of cracks at the preexisting crack
end of rock material: wing cracks and secondary cracks.
Most scholars believe that rock is dominated by wing
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Figure 7: Continued.
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(d)

FIGURE 7: Surface maximum principal strain characteristics of the samples with different cross cracks: (a) a =45, =0 (b) a =45", =30

(c) a=45", =45 (d) a=45", f=60% (e) a=45", f=90".

initiation, and wing cracks under tensile stress start at the
preexisting crack end and propagate along the direction of
maximum load. However, the fracture of cracked rock is
different from initiation, and a large number of tests show
that the secondary crack caused by shear stress or compound
stress is the main factor leading to the failure of samples. The
final failure modes of rock with cross cracks are analyzed by
using surface strain data, and the stress types and crack
propagation characteristics leading to rock failure are dis-
cussed. The variation in surface deformation characteristics
with crack propagation is shown in Figure 7.

Compared to the crack distribution characteristics of
intact rock samples, the 00-00 sample presents a com-
pression shear failure, forming a fracture zone with an angle
of 27° with the loading direction. The failure of other rock
samples with single cracks and cross cracks starts from the
preexisting crack tip, generating wing or anti-wing cracks
and expanding along the loading direction, resulting in the
instability failure of the sample. Crack distribution patterns
control and guide the initiation and failure of rocks. As the
axial stress increases, the wing or anti-wing cracking occurs
mainly at the crack end of rock under the action of tensile
stress. According to the time of fracture and the analysis of
the variation characteristics of the strain field on the rock
surface shown in Figure 7, the fracture of the rock with cross
cracks is mainly controlled by the primary crack and the
secondary crack has a certain guiding effect on the propa-
gation of the crack.

For the sample whose primary crack is perpendicular to
the loading direction, an oval stress concentration zone
appears in the middle of the crack at the initial loading stage.
As shown in Figure 7, with the increase of axial stress, the

stress concentration zone shifts from the vicinity of the
secondary crack to the tip of the primary crack, and the crack
initiation is approximately parallel to the loading direction.
Therefore, when there is a crack orthogonal to the loading
direction in the rock sample, this crack controls the new
crack initiation and failure of the rock. The crack initiation is
concentrated at the end of the preexisting crack and extends
to both ends of the sample in a form approximately parallel
to the loading direction. According to the initiation position,
when the included angle between the secondary crack and
the vertical direction of the specimen is small, the crack
initiation is located at the upper or lower part of the pre-
existing crack and cracks in one side direction. When the
included angle between the secondary crack and the vertical
direction of the specimen is greater than 45°, the initiation
crack is concentrated and symmetrically distributed at the
midpoint of the primary crack.

4. Conclusions

An experimental approach on the crack initiation mecha-
nism in granite samples under uniaxial compression was
carried out. Some conclusions could be drawn as follows.
The uniaxial compression test of rock with cross cracks
was carried out, and the variation law of peak strength and
crack initiation stress of granite with cross cracks was ob-
tained. It was found that the strength of rock with a single
crack is generally larger than that of rock with cross cracks,
and the strength of the sample changed with the angle of
crack in a “V” shape. When the angle of preexisting crack is
60°, the rock strength reaches the lowest. The primary crack



has more obvious influence on rock strength and is the main
controlling factor of rock fracture.

Acoustic emission monitoring tests were carried out to
determine the crack initiation stress by acoustic emission
ringing counting, and the variation law of crack initiation
stress at crack end was obtained. When the crack angle is
constant, the crack initiation stress decreases first and then
increases with the increase of the primary crack angle. The
crack initiation stress of rock samples with a single crack
changes more significantly with angle. The ratio of crack
initiation stress to peak strength is taken as an index to judge
the degree of rock failure. When the inclination angle of the
primary crack is 45°, the rock sample is most prone to crack
initiation failure, and the crack initiation stress is only 1/4 to
1/2 of the peak strength.

By means of the non-contact surface strain field (DIC)
device, the law of crack initiation and the distribution
pattern of cracks in rock samples with intersecting fractures
are studied. Cracks are found to be mainly wing or anti-
wing, and the tensile cracks are the main ones. It is revealed
that fracture of cracked rock has significant directional
characteristics. For the samples with cross cracks, the pri-
mary crack is the main control factor for crack initiation,
and the secondary crack has a certain guiding effect on the
crack.

It is an important means to control the crack initiation in
underground tunnel engineering to prevent side falling and
roof-fall accidents. According to the crack initiation
mechanism and the variation characteristics of the crack
initiation stress and the maximum strength, the accurate
support scheme for the fractured rock mass as well as the key
construction part and the time node of the protection project
can be established by combining the magnitude of the
pressure and direction of the slope or the underground
engineering.
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As a large human gathering place, the city directly causes huge property losses and casualties due to the ground collapse accident
every year. In order to explore the causes and damage characteristics of urban ground collapse, taking Xining City, Qinghai
Province, as an example, this paper analyzes the accidental factors causing ground collapse through on-site geological exploration
and then expounds the deformation characteristics of urban ground collapse by using the numerical simulation method of Fluent
and PFC. Using the collapsible balance method, it is obtained that the insufficient thickness of the top plate of the Loess Soil
Subgrade in the collapse pit area is the inevitable factor causing the final collapse. The results show the following: (1) The failure of
water supply pipe is an accidental factor leading to the formation of underground cavity, and the ground collapse accident is
hidden, sudden, and of high risk, and its deformation and failure development process is slow. (2) The critical thickness of the roof
above the air raid shelter is about 22 m, and the actual thickness is about 11.6 m, which is prone to deformation and uneven
settlement, which is also an inevitable factor causing ground collapse. (3) The numerical simulation study shows that the final
formation deformation range is about 16 m. At this time, the height of the formed cavity is about 9 m. The plastic zone tends to
develop around, and the maximum settlement position appears above the air raid shelter. (4) The collapse process includes four
stages: water supply pipeline leakage, underground cavity formation, collapse critical state, and ground collapse. This research and
analysis provides theoretical guidance and scientific basis for the investigation, measurement, detection, and monitoring of
various underground pipe networks of urban roads.

1. Introduction

Ground collapse refers to a phenomenon or process caused
by the downward collapse of surface rocks and soil under the
influence of natural factors or human engineering activities,
as well as the formation of collapse pits (holes) on the
ground. Generally, there are four types: karst collapse [1-4],
goaf collapse [5-7], loess collapse [8-11], and engineering
collapse [12]. With the vigorous development of China’s
modernization, cities are mainly characterized by

concentrated population and dense buildings. Different
from the ground subsidence with large scope and small
deformation, the pavement collapse has the characteristics of
great destructiveness, high concealment, and sudden oc-
currence. In the process of urban road collapse, human
activities play an important role, and, at the same time, its
occurrence usually brings great influence on human society
[13]. Once the road collapse occurs in urban areas, it will
often cause road damage, which may cause traffic congestion
at least or heavy property losses and casualties. For example,


mailto:yuchen0420@hhu.edu.cn
https://orcid.org/0000-0002-2242-3325
https://orcid.org/0000-0001-6996-8106
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/3365402

on February 7, 2018, the tunnel segment was damaged and
the ground collapsed at the construction site of the right line
of the Lvdaohu-Huyong shield tunneling section of Foshan
Metro Line 2 due to flooding. The collapse pit was about
30 m long, resulting in 10 deaths and 1 loss of contact. At the
same time, the ground collapse in the urban area will in-
crease the uneven settlement of the surrounding building
foundations in the collapsed area and even lead to the
collapse of the building [14]. The 2011-2020 National Land
Subsidence Prevention and Control Plan, jointly compiled
by the Ministry of Land and Resources, the Ministry of
Water Resources, the Development and Reform Commis-
sion, the Ministry of Finance, and ten other ministries and
commissions, points out that there are currently more than
50 cities in the country suffering from land subsidence di-
sasters, distributed in Beijing, Tianjin, and Shanghai. In
Jiangsu, Hebei, Shanxi, Inner Mongolia, and 20 other
provinces, autonomous regions, and municipalities, the
country’s cumulative land subsidence of more than 200
millimeters reached 79,000 square kilometers, and there is a
trend of further expansion, of which the Yangtze River Delta,
the North China Plain, and the Fenwei Basin are the most
prominent. According to the statistical data of the “China
Statistical Yearbook,” in the past five years, our country has
experienced 966 ground collapse disasters, and an average of
about 300 people die from the disaster every year. Strictly
speaking, ground collapse and collapse, mudslides, land-
slides, and so forth are all typical geological disasters. There
are many factors that induce pavement collapse in urban
areas, and water is usually the main factor, including
groundwater action and surface water infiltration. Secondly,
loess, when it meets water, has collapsibility effect and forms
collapse [15]. Water mainly causes collapsibility, erosion,
differential pressure, and so forth [16, 17]. Under the action
of infiltration, the soil is prone to two failure modes, namely,
pipe gushing and soil flow [18]. Under the action of water
seepage, the fine-grained soil in the soil is washed away by
water, and the remaining large particles form a soil skeleton
with poor stability and easy instability, forming the initial
underground pores [19]. Yechieli et al. [15] studied over
4000 sinkholes in Israel and found that their formation is
related to the shrinking underground system around the
Dead Sea. Selleri et al. [20] studied the Karst landform of
Salento Peninsula and found that groundwater and surface
water were the main factors causing multiple sudden sub-
sidence. Ouyang [21] believes that the ground collapse
process is divided into four stages: groundwater level drop,
cavern formation, cavern expansion, and ground collapse
formation. Among them, the seepage force generated by
underground underwater seepage is the power source of
ground collapse. Cao, Peng et al., Gao, Hu, and others found
through research that ground collapse is mainly related to
groundwater and surface water activities [22-25]. Rock
integrity also weakens under repeated wetting conditions
over long periods of time [26]. At the same time, cyclic
rainfall will also affect the physical and mechanical prop-
erties of rock mass deformation [27].

Urban underground construction activities have
destroyed the original stable state of the soil, and a little
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carelessness will cause the ground to collapse. For ex-
ample, during the construction of Kurtkulag irrigation
tunnel, many ground collapse accidents occurred mainly
at the exit and entrance of the tunnel and the location
where the tunnel crosses the fault [28]; Hou et al. [29]
pointed out that the existence of underground holes
greatly reduced the strength of the ground and the ability
of resisting subsidence and divided Beijing subway acci-
dents into five categories. Ma et al. [30] analyzed the causes
of three consecutive ground collapses in a subway tunnel
within half a month after the start of the shield machine
and found that the causes of ground collapses in the
process of shield construction mainly include four aspects:
engineering geological conditions, auxiliary engineering
quality problems, excavation management, and shield
machine failure.

Xining has a semiarid climate on a continental plateau
with an average annual rainfall of 380 mm. Huangshui and
its tributaries, Nanchuan River and Beichuan River, con-
verge in the urban area from west, south, and north and flow
through the city to the east. Xining City, as the political,
economic, scientific, educational, cultural, transportation,
and communication center of Qinghai Province, has seen at
least 14 road collapse accidents since 2014, which seriously
threatened the lives and properties of urban residents.
Through detailed investigation and research on road collapse
accidents in urban areas, not only can corresponding
measures be taken against road collapse accidents, but also
they have long-term significance in preventing such inci-
dents from recurring throughout the country.

In this study, through the investigation of the geological
and hydrological conditions and the collapse situation of the
pavement collapse area in Xining City on January 13, the
critical roof thickness of loess-like soil subgrade in the
collapse pit area was calculated and analyzed by using the
numerical simulation method of Fluent and PFC joint
calculation. Finally, the cause of collapse and failure
mechanism are analyzed in combination with the field
situation. In addition, this paper also puts forward rea-
sonable suggestions and measures to reduce the occurrence
of such disasters again and do a good job of deformation
monitoring between the collapse pit and surrounding
buildings to prevent secondary damage [31]. The formation
of collapse pit reduces the stability of the inner pit, so the
inner wall of collapse pit should be monitored and
strengthened in time [32].

2. Engineering Geological Conditions

2.1. Study Area. 'The road collapse accident that occurred on
January 13, 2020, was at the Red Cross Bus Station at the
entrance of the Great Wall Hospital, South Street,
Chengzhong District, Xining City (Figure 1). The cavity
formed after the collapse is nearly elliptical cone-shaped,
with a diameter about 9-10 meters, a visible depth about
8-10 meters, and a ground area about 80 square meters
(Figure 2). On its east side wall, there are buried water supply
pipes, cables, gas, and other pipes network. The water supply
pipe network, communication cables, and gas pipe network



Advances in Materials Science and Engineering

V‘Collapse

position

FIGURE 1: Location map of the collapsed area.

spread out in the north-south direction are buried 1.5-2
meters deep, and the power supply pipeline network spread
out in the east-west direction is 2-4 meters deep. The ac-
cident resulted in the bus and train platform collapse into a
pit, eventually killing 10 people and injuring 17.

2.2. Geomorphological Characteristics. The central area of
Xining City is mainly composed of modern riverbeds and
terraces of the main stream of Huangshui River, piedmont
alluvial plains, and alluvial plains. The terrain is relatively flat
and open, distributed in a belt along the river. The geo-
morphology is mainly caused by accumulation and erosion.
The south bank of the Huangshui River is composed of I-III
terraces and is the main concentrated construction area of
the city. From the north of the Huangshui River to the south
of the first-level terrace, the slope is from 1 to 2°, the second-
level terrace is from 3 to 5°, and it gradually steepens to the
third-level terrace to the south, with a slope of 4-6°, as well as
low hills in the south. The front edge of the area has a slope of
25-30".

The south side of the Huangshui River Valley is a hilly
area with beams and ridges, which is strongly eroded by

gullies and the terrain is very fragmented. Loess and clastic
rocks constitute the main lithology of hilly areas. Loess is
mainly covered on the top of the hilly area, and local sections
are distributed along the slope of the hillside.

The landform unit in the collapsed area belongs to the
third-level terrace on the south bank of the Huangshui River,
about 150 m away from the front edge of the third-level
terrace. Due to the construction of the South Street, the
original steep ridge was transformed into a road, with a slope
of 5-6" and a nearly east-west direction. The overall terrain is
high in the west and low in the east, high in the south, and
low in the north. The elevation of the site is
2271.72-2254.52m, the surface elevation difference is
17.2 m, and the terrain is flat and open; no faults have been
found passing through the site after investigation. The
underground manned air raid shelter passes through.

2.3. Geological Characteristics. The Xining Basin is located in
the Qilian stratigraphic zone. Due to the influence of the
strong vertical movement of the crust and the strong
transformation of the rivers and piedmont alluvium, the
Quaternary system has created the current basin landscape.
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The main exposed strata in the basin are Paleoproterozoic,
Triassic, Jurassic, Cretaceous, Paleogene, Neogene, and
Quaternary. The Quaternary strata can be divided into alluvial
deposits, alluvial proluvial deposits, slope proluvial deposits,
and aeolian deposits according to their genetic types.

According to the on-site geological survey, a detailed
study of the rock and soil in the collapsed area is carried out
(Figure 3). The surface layer is the Quaternary artificial fill,
which is mainly composed of earthy yellow and gray-black
variegated silt, gravel, construction waste, and a small
amount of construction waste. The range is 0.5-3.8 m. The
lower layer is tertiary alluvial and alluvial loess-like soil,
mainly composed of yellow silt, with needle-like pores,
developed vertical joints and fissures, calcareous cementa-
tion, poor toughness, and easiness to soften and corrode in
contact with water. Collapsibility is divided into collapsible
loess (buried depth of about 1.5-10.3 m) and noncollapsible
loess (buried depth of about 10.3-11.4 m). The roof of the
underground air raid shelter was excavated at a buried depth
of 11.6 meters. The third layer is mainly the pebble layer of
tertiary lacustrine layer and alluvial layer, composed of blue-
gray, gray-white sandstone, limestone, quartzite, and a small
amount of light-colored metamorphic rock. The pebble layer
is also mixed with silty clay layer.

2.4. Hydrogeological Characteristics. The collapse area is
located at the front edge of the third terrace on the south
bank of the Huangshui River. Quaternary pore water exists
on the site. The stable groundwater level is 20.8-29.0 m and
the groundwater elevation is 2233.72-2342.72m. The
groundwater is mainly affected by the complementation of
Huangshui River and the south. The recharge of the

underground runoff on the side is discharged in the
downstream area in the form of torrents, and the ground-
water flows from the southwest to the northeast and is finally
discharged to the Huangshui River. The dynamic changes
are seasonally obvious, and the annual water level change
range is about 1.0-1.5m.

3. Causes and Mechanism of Collapse

According to the public meteorological data, there is no
obvious precipitation process from December 2019 to the
afternoon of January 13, 2020. The surface pavement in the
surface area is covered by asphalt concrete, and the per-
meability is poor. Therefore, the formation of collapse pit
can exclude the influence of groundwater and surface water.
According to the on-site infiltration and collapse inspection,
the water supply pipe which was wrongly broken on the east
side of the pit wall had a buried depth about 1.5m, a di-
ameter of 50 cm, and a wall thickness of 0.6 cm. The material
is cast iron. A water drop hole with a diameter about 0.8 m
and a depth about 7 meters is formed at the lower part.

3.1. Engineering Geological Structure Model. After the acci-
dent, through the detailed investigation of the spatial
structure of the collapse location, it is determined that there
is an air raid shelter with a width of 1.5m and a height of
2.5m at the depth of 11.6m from the ground, which is a
rubble precast arch structure, and the location is roughly
coincident with the collapse area. Combined with the results
of geological survey of hydraulic engineering environment,
based on the geomorphic unit as the main division basis,
considering the characteristics of geotechnical engineering
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FIGURe 3: Engineering geological section. (1) Silty clay; (2) mudstone; (3) loess; (4) pebble; (5) miscellaneous fill; (6) groundwater level.

geomechanics, and based on the spatial analysis function of
MAPGIS, a three-dimensional engineering geological
structure model of the main urban area of Xining City is
established, which stereoscopically shows the stratum sit-
uation and underground space distribution of the accident
area in Figure 4.

3.2. Analysis of the Causes of Collapse

3.2.1. Analysis of Critical Roof Thickness of Loess Subgrade.
The main stratum below the collapse area is collapsible loess
soil and there are air raid shelters, so it is necessary to
calculate the critical roof thickness of Loess Soil Subgrade in
the collapse pit area.

The collapse equilibrium method not only considers the
influence of the mechanical properties of the rock and soil
but also considers the stress state of the surrounding rock of
the collapse pit, especially the influence of the lateral stress.
This method is suitable for the collapse pit whose shape is
round or arched. According to the equilibrium condition of
the collapse body, when the shear force of the rock and soil
mass on the top of the collapse pit is equal to the self-weight
of the upper rock and soil mass and the external additional
load, the roof thickness of the collapse pit is considered as
the critical thickness. The calculation model is shown in
Figure 5.

According to the calculation model in Figure 5, a circular
thin layer element with thickness dz is selected in loose rock
and soil. The friction dF acts on the periphery of the element.
The friction dF of the element can be determined according
to Coulomb’s law:

dF =2ma(c + o tan ¢)dz = 2ma(c + &yZ tan ¢p)dz. (1)

In the above equation, ¢H is normal stress around rock
and soil mass; ¢ and ¢ are cohesion and internal friction
angle of rock and soil mass, respectively; £ is lateral pressure
coefficient, £ = tan® (45° — ¢/2).

By integrating the above formula on the interval [0, H],
we obtain

F = 2nacH + na&H* tan é. (2)

The overburden soil mass and additional load are as
follows:

G =ra” (yH + po), (3)

and when the rock and soil are in the limit equilibrium
state, the critical thickness of the roof can be obtained:

_ay- 2c+ \/(ay —2¢)” + 4ap,ty tan ¢ (4)
o 28y tan ¢ ’

where a is collapse radius, m; y is gravity of rock and soil
mass, kN/m’; p, is upper uniform load, kPa.

According to the test results of the geometric dimensions
of the “1.13” pavement collapse pit and the physical and
mechanical properties of loess soil in Xining City, Qinghai
Province, a = 4.5m; y = 15.6kN/m?; ¢ = 15MPa; ¢ = 19.5%
po = 100kPa, 4ng H,, = 22m.

According to the calculation results, the critical thickness
of the roof above the air raid shelter is about 22 m.

According to the data, the actual thickness of the roof
above the air raid shelter is about 11.6 m, which is far less
than the critical thickness of the roof, which will lead to the
deformation and uneven settlement of the subgrade above
the area under long-term repeated load. The thickness of the
roof thinning is gradually made. Then, when the upper load

H
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Ficure 5: Calculation model of collapse balance method.

exceeds the ultimate bearing capacity of subgrade, the in-
stantaneous collapse may occur.

3.2.2. Basic Geological Conditions. The geotechnical ex-
periment is carried out on the soil samples obtained from the
site, as shown in Figure 6. The physical and mechanical
properties of collapsible loess-like soil and noncollapsible

loess-like soil are mainly studied. The main physical and
mechanical properties are shown in Tables 1 and 2.

Due to the different thickness and compaction degree of
the fill under the asphalt concrete cover, there is a certain
degree of uneven settlement. The collapsible loess soil is the
main stratum in the collapse area, with loose structure,
vertical joints, macropores, and strong water sensitivity. The
loess soil is collapsible, with medium to strong collapsibility,
and the collapsibility grade is grade II to grade III. It is easy
to dissolve the soluble salt when it is wet with water, and the
particulate matter is easy to lose and the strength is reduced.
This kind of stratum is the basic geological condition of road
collapse.

3.2.3. Space Condition. According to the field investigation,
about 400 cubic meters of water poured into the collapse pit
after the underground water supply pipeline was cut off and
the valve was closed. In addition, according to the geometry
and size of the collapse pit, it is estimated that the loss of
loess-like soil is about

3.14 x 4.52 x 9 = 572m°. (5)

The total is 972 cubic meters. In addition, the total
volume of water and soil mixture lost by previous leakage is
more than 1000 cubic meters.

The cave body is filled with collapsing loess-like soil and
gravel, and the bottom of the cave is silted. The underlying
underground air raid shelter is a precast arch structure with
rubble wall. Figure 7 shows the whole picture of the air raid
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FIGURE 6: Selection of field soil samples.
TaBLE 1: Statistics of physical and mechanical properties of collapsible loess (standard value).
Natural water content 14.44% Compression coefficient 0.34 MPa™!
Density 1.56 g/cm’® Compression modulus 8.20 MPa
Specific gravity 2.71 Cohesion 15.098 MPa
Natural void ratio 1.017 Internal friction angle 19.5°
Saturation 39.18% Collapsibility coefficient 0.069
Liquid limit 24.52% Self-collapsibility coefficient 0.008
Plastic limit 16.11% Standard penetration value 6.7
Plasticity index 8.44 Liquid index -0.19
TaBLE 2: Statistics of physical and mechanical properties of noncollapsible loess (standard value).
Natural water content 21.59% Compression coefficient 0.39MPa™*
Density 1.82g/cm® Compression modulus 11.75 MPa
Specific gravity 2.70 Cohesion 25.202 MPa
Natural void ratio 0.903 Internal friction angle 35.2°
Saturation 69.74% Collapsibility coefficient 0.008
Liquid limit 24.78% Self-collapsibility coefficient 0.008
Plastic limit 16.15% Standard penetration value 6.8
Plasticity index 8.87 Liquid index 0.68
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FiGUure 7: Full view of air raid shelter below after collapse.

shelter after collapse. The water depth is about 1.3 m and the
silt thickness is about 0.5 m.

The seepage of the top plate of the air raid shelter reduces
the bearing capacity of the subgrade and provides the

migration channel and storage space for the water and soil
loss of the pavement before and after the collapse. The air
raid shelter provided space conditions for the road collapse.

3.2.4. Leading Factor. Due to the leakage of underground
water supply pipe, the collapsible loess-like soil is eroded and
dissolved, the underground soil structure is destroyed, and
the soil particles are lost to the air raid shelter with water and
gradually develop into underground cavity body and expand
to the surface, resulting in the basic suspension of the
pavement and the formation of “asphalt concrete bridge,”
resulting in the lack of subgrade bearing capacity. The
pavement is gradually damaged under the long-term re-
peated action of the past vehicle load, especially the sudden
failure under the impact load of the large vehicle brake,
which eventually leads to the bus falling into the collapse pit.
Water is the main factor to form voids and cause pavement
collapse.

Combined with the analysis of the above factors, it can be
seen that the cause of the ground collapse accident in Xining
City is that the soil under the subgrade is eroded, dissolved,
and washed by the leakage of underground water supply
pipe, and the soil is lost into the underground air raid shelter



with water, resulting in the formation of large-scale cavity
under the collapsed pavement, and the subgrade bearing
capacity is insufficient when the bus stops, causing buses and
people to fall into the collapse pit.

3.3. Formation Process and Mechanism Analysis of Collapse.
Combined with the above data analysis, it can be seen that,
before the collapse accident, the underground hidden cavity
should have been formed. After the bus stops at the station,
due to the insufficient bearing capacity of the surface asphalt
concrete thin layer subgrade, the vehicles and personnel are
trapped in the collapse pit. In order to explore the defor-
mation and failure law of collapsible and noncollapsible
loess under the effect of pipeline leakage, particle flow (PFC)
was used to model the stratum. The Fluent module in
ANASYS was used to calculate the groundwater flow field
after pipeline leakage, and the flow field was imported into
PEC for joint calculation.

3.3.1. The Establishment of the Model. According to the
actual situation of the site, the mode of “subgrade and
pavement + collapsible loess + noncollapsible loess + under-
ground air raid shelter + pebble” is adopted, as shown in
Figure 8. The model size is 30mx1mx20m
(length x width x height). According to the linear contact
model from top to bottom, the subgrade and pavement with
height of 1.5 m, collapsible loess layer with height of 8.8 m,
noncollapsible loess layer with height of 3.6 m, and pebble
layer with height of 4.8m are generated, respectively.
Combined with the statistical table of physical and me-
chanical properties, different mechanical parameters were
given to all particles in the model to exert gravity and reach
equilibrium state. If the model is generated according to the
actual diameter of soil particles, the number of them is far
more than 100 million. In this case, it is impossible to
calculate by computer. Therefore, the diameter of soil
particles is expanded to 0.1 m.

The diameter of the simulated water supply pipe is 0.5 m,
and the upper edge of the pipe is 1.5m below the ground.
The air raid shelter and the pipe need to be simulated with
Rhino 6.0 and imported into PFC as a wall unit. The vault of
the air raid shelter is 11.6 m deep, 2.5 m high, and 1.5 m wide.
The seepage crack on the air raid shelter is assumed to be a
square hole, which is located on the vault of the air raid
shelter.

Fluent was used to calculate the flow field and porous
medium model was used to simulate the flow field. The
viscous resistance coefficient of soil was set to 6.8 x109.
Because of the uncertainty of the leakage location of the
water supply pipe, the surface of the water supply pipe is
selected as the inlet of the flow field, the velocity is set at 4 m/
s, the surface of the air raid shelter is set as the outlet
boundary, and the other boundaries are set as impermeable
boundaries. The obtained flow field is shown in Figure 9. The
flow velocity between the water supply pipe and the air raid
shelter is larger than that in other areas, which is in line with
the hydrodynamic properties.
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FiGure 8: Soil model.

3.3.2. Analysis of Calculation Results. The flow field is in-
troduced into the soil model, and PFC is used for joint
calculation. The crack size on the air raid shelter model is
0.75 times of the particle size. Figure 10 shows the whole
process of underground cavity formation. In the early stage
of leakage, the mixture of soil and water mainly flows
through the air raid shelter into the air raid shelter, so the
larger disturbance area of soil is concentrated near the vault
of the air raid shelter. With the progress of the calculation,
the soil disturbance area continues to develop horizontally
and vertically and finally extends to the ground below,
forming “asphalt concrete bridge.” In this case, if the
pavement is repeatedly affected by external loads, and no
timely discovery and remedial measures are taken, it will
lead to the deformation of the pavement until sudden
collapse, which poses a threat to the safety of human life and
property.

In order to describe the ground settlement caused by
leakage, the stratum deformation under different calculation
steps is described, as shown in the figure. The calculation
results show that the plastic zone tends to develop around
with the progress of calculation (Figure 11). When the
calculation steps are 100000, the deformation range of
stratum is about 16 m, and the height of cavity is about 9 m.
The maximum settlement occurred above the air raid shelter,
and a more obvious underground cavity has been formed.

3.3.3. Void Formation Mechanism Analysis. Urban road
collapse is sudden, but the formation of underground cavity
has experienced the development process of water supply
pipe leakage, underground soil penetration and cavity for-
mation, critical state of collapse area, road collapse, and so
on, as shown in Figure 12.

3.3.4. Leakage of Water Supply Pipe. Because the loess in this
area has weak corrosivity to the concrete structure and steel
structure, when the water supply pipe is buried underground
for a long time and lacks effective maintenance for a long
time, the corrosion leads to the leakage of the pipe wall,
which makes the water flow into the lower soil layer, and the
water leakage accelerates with time. Under the action of
water, the soil below gradually reaches saturation state and
deforms to a certain extent. At this stage, the hidden water is
high, and the outflow of water in the pipe is small in a short
time, which is not easy to attract the attention of the relevant
departments.
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F1Gure 10: Displacement cloud map of each soil layer in the stratum. (a) Run 5000 steps. (b) Run 10000 steps. (c) Run 30000 steps. (d) Run
80000 steps. (e) Run 100000 steps.
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3.3.5. Penetration of Underground Soil and Formation of
Cavities. On the one hand, the long-term water leakage will
accelerate the corrosion of the water supply pipe, thus
speeding up the water leakage in the water supply pipe. On
the other hand, the fine particles in the soil are taken away
and flow into the air raid shelter under the action of water,
forming “underground passages” at the initial stage, which
connect and expand with each other, eventually leading to
the formation of underground cavities. At the same time,
because of the collapsibility of the loess in this area, the
collapsibility effect will occur when it meets with water,
which will also cause the uneven settlement of the soil at the
leakage and accelerate the formation of underground
cavities.

3.3.6. Critical State of Collapse Zone. With the formation,
transfixion, and expansion of underground cavity, coarse
particles in soil exist in the form of skeleton, and soil
structure also changes to some extent. However, soil can still
maintain a critical stable state through its skeleton effect and
stress adjustment. When this stable state is disturbed by
external factors, it is easy to lose stability.

3.3.7. Road Collapse. The collapse area is in a critical state,
forming “Asphalt Pavement Bridge.” When the bus and
other external loads act on the pavement, the external load
reaches and exceeds the ultimate bearing capacity of the
subgrade, and the pavement collapses suddenly.

4. Conclusions and Suggestions

(1) The accidental factor causing the ground collapse
accident is the water from the water supply pipe and
once again confirmed that the urban ground collapse
disaster has the characteristics of high concealment
and sudden and high risk.

(2) Numerical simulation analysis shows that the final
stratum deformation range is about 16 m, and the
height of the cavity formed at this time is about 9 m.
The maximum settlement occurred above the air raid
shelter, and a more obvious underground cavity has
been formed.

(3) The process of ground collapse includes four stages:
water supply pipe leakage, underground cavity for-
mation, critical state of ground collapse, and ground
collapse.

(4) It is suggested that Xining City should adopt various
means as soon as possible to carry out exploration
and safety risk assessment on various underground
pipe networks and air raid shelters of urban roads
and do a good job in the daily operation, mainte-
nance, management, monitoring, and early warning
of underground pipe networks to avoid similar in-
cidents in Xining area. At the same time, it should
also sound an alarm to the whole country and
strengthen the planning, development, and utiliza-
tion, comprehensive management, and underground
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disease prevention and control of urban under-
ground space in the whole country.
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Crack inclination and material heterogeneity have important effects on the meso-mechanical mechanism and macroscopic
mechanical behavior of rock-like materials. In order to study the failure characteristics of shotcrete body during the process of
using shotcrete bolt mesh support in the deep fractured rock mass of Lannigou Gold Mine, this paper combined the Digital Image
Processing Technique (DIP) and RFPA2D (Rock Failure Process Analysis System) to establish a real meso-structure numerical
model of concrete with different inclination angle cracks, simulating its crack propagation law and failure process, and studied the
influence of crack geometry distribution and meso-heterogeneity on the effect of concrete structure. The findings reveal that the
crack inclination angle has a substantial impact on concrete materials’ compressive strength and elastic modulus, and both of them
all show a nonlinear increase with the increase of crack angle; Because of the inhomogeneity of the materials, the inclination and
propagation pathways of wing cracks are random, and the aggregate inhibits crack initiation and propagation. The wing crack’s
initiation position moves closer to the tip as the crack inclination angle increases, and the length gets shorter; Acoustic
emission(AE) evolution characteristics are similar in samples with varying dip angles. In the early stages of loading, the AE energy
is minimal, and increases rapidly when approaching the peak stress. The fractal dimension was used to describe the damage
evolution process inside the material, and a damage variable index (w) based on the fractal theory was proposed. The more the w,
the greater the material’s degree of degradation. The proposed index provided a new method for quantitative study of the damage
evolution characteristics of rock-like materials. It has guiding significance for the research on the stability of wet shotcrete in the
deep fractured rock mass of Lannigou Gold Mine.

1. Introduction

The Lannigou Gold Mine is located in Zhenfeng county, the
Southwest of Guizhou province. The underground mining
utilizes ramp development and layered upward cemented fill
mining. In order to ensure the safety of mining operations,
shotcrete anchor nets are used to reinforce the surrounding
rock in almost all roadways in the mine. In particular, wet
shotcrete is the most important process to reinforce the
roadways, which is particularly effective in the weathered

rock mass of the mine. As the mining depth increases, the
deep ground stress increases. Meanwhile the surrounding
rock is fragmented and the stability is poor due to the
combined influence of high ground stress and geological
structure. As a result, investigating the fracture character-
istics and damage development process of wet shotcrete can
provide some theoretical support for the concrete support of
the Lannigou gold mine and other comparable mines.

As an artificial rock-like material, concrete contains
different types and structures of media. They have different
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physical and mechanical properties, containing a large
number of defects, and their responses to external forces are
also very different[1-3]. The initiation and propagation
behavior of cracks in rock-like materials is closely related to
their internal structures[4-6], single crack angle and ma-
terial heterogeneity jointly determine the macroscopic
fracture characteristics and damage evolution characteristics
of material. As a result, studying the fracture process and
damage evolution characteristics of rock-like materials while
taking into account the crack inclination angle and material
non-uniformity, as well as revealing the mesoscopic damage
evolution mechanism and macroscopic nonlinear me-
chanical behavior, is of great theoretical importance.
Scholars in the China and around the world have never
stopped studying the initiation and propagation behavior of
rock cracks and rock-like materials cracks around the crack
inclination angle. Nolen-Hoeksema et al. conducted com-
pression tests on marble and discovered that when the
prefabricated crack is oblique, the initiation and propagation
of the tip secondary cracks are asymmetrical[7]. Yang et al.
study the influence of crack angle on the initiation behavior
and compressive strength of sandstone through rock me-
chanics experiments[8]. Park et al. conducted rock me-
chanics experiments on rocks with cracks, and the study
found that as the crack inclination angle increased, so did the
initiation stress of the wing crack[9]. Manouchehrian et al.
investigated the role of crack inclination in the initiation and
propagation of rock cracks using numerical simulation
methods[10]. Through numerical simulation, Zhang et al.
investigated the impact of fracture angle on the initiation
process of rock-like materials, finding that the crack incli-
nation angle has a significant impact on crack initiation and
propagation[11]. Liu et al. used a combination of physical
tests and numerical simulations to investigate how crack
inclination affects crack propagation and stress field evo-
lution in rock-like materials[12]. Xu et al. used physical
experiments to investigate the effect of fracture angle on the
crack initiation behavior of rock-like materials under uni-
axial compression, finding that the uniaxial compressive
strength increased as the crack angle rose[13]. However,
because the macroscopic damage of materials is closely
related to the development and aggregation of internal
micro-cracks, the evolution of material damage has aroused
widespread concern of many scholars. Taylor et al. used the
self-consistent approach to create a link between crack
density and rock damage, and evaluated the completeness of
fractures in the rock to reflect the damage degree[14].
Ahrens et al. linked the development of cracks in the me-
dium with the change of the p-wave velocity, and used
p-wave velocity to characterize the distribution character-
istics of micro-cracks inside the rock mass, so as to evaluate
the damage of surrounding rock according to the change of
p-wave velocity[15]. Xie developed fractal-damage me-
chanics by applying fractal geometry theory to the analysis of
rock fractures, opening up a new technique to examine rock
damage quantitatively[16]. Gao has studied the mechanical
behavior of coal and rock under various mining circum-
stances, from laboratory experiments to field testing[17].
Based on the fractal theory, Liu et al. compiled an algorithm
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pf rock mesoscale fracture box dimension based on digital
images, proposed a calculation method of rock mesoscale
fracture dimension, and carried out quantitative charac-
terization of the failure mode and damage degree of jointed
sandstone [4, 18].

The above research results are of great significance for
revealing the crack propagation mechanism and damage
evolution characteristics of materials with flaw at macro-
scale, but the macroscopic mechanical behavior of materials
is determined by the heterogeneity and mesoscale behavior
of materials. Therefore, the study on the fracture process and
damage evolution characteristics of the material on the basis
of considering the material inhomogeneity and flaw incli-
nation will help reveal its crack propagation mechanism and
macroscopic nonlinear mechanical behavior.

The true mesoscopic structure of varied angle cracks in
concrete numerical model is established in this research
using the Rock Failure Process Analysis System (RFPA2D)
and Digital Image Processing technology, the influence of
crack geometric distribution and meso-uniformity on the
concrete structure effect is studied, and the fractal theory is
applied to describe the damage evolution process of material
inside. The damage variable index, based on fractal theory, is
offered as a new tool for studying the damage evolution of
rock-like materials quantitatively.

2. Finite element method for rock-like material
failure process

2.1. Digital image representation of meso-structure. The main
components of concrete are aggregate, cement mortar, and
accompanied by a small amount of primary holes
(Figure 1(a)). The three components have different colors,
among which gray is mostly mortar, white is aggregate, and
the rest are holes. Figure 1(c) is a CT slice obtained by
scanning with high-resolution industrial CT (Figure 1(b)) at
Tianjin Sanying Company, and the image pixels are 200x200
pixels, the actual size is 100mmx100mm. It is difficult to
build a relationship between the unified algorithm and the
finite element approach because the medium in the original
image (Figure 1(c)) is dark or bright in color. Therefore,
image processing is required to identify the mesoscopic
medium inside the concrete.

Through the differences of grayscale and color, digital
image processing technology distinguishes the geometric
shape and spatial distribution of the material’s meso-com-
ponent. The technology is utilized to establish the seg-
mentation threshold for distinct media in the rock based on
color and brightness differences. The value divides the
distribution of each medium, and the non-uniformity
characterization image of the material can be obtained
[5, 19]. The Figure 1(c) is a 24-bit BMP bitmap, whose color
change is not visible. As a result, multi-threshold segmen-
tation is performed by examining the variation rule of the
brightness I value in HIS (Hue refers to chromaticity, S refers
to Saturation, and I refers to brightness) image processing
color space[4, 18]. The changing curve of the value of I on the
AA’ scan line in Figure 1(c) is shown in Figure 1(d). The
material medium passed by the scan line is compared with
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F1Gure 1: The process of concrete digital image characterization.

the change of the curve. Through repeated tests and ad-
justments in DIPS software, the ideal segmentation
threshold is finally obtained, which is 60 and 130 respec-
tively, and the characterization image can accurately reflect
each mesoscopic component in Figure 1(c). Since the two-
dimensional CT slices are grayscale images, the value range
of the matrix elements of the grayscale image is usually
[0,255], and 0~255 represents the range of color transition
from pure black to pure white. Therefore, the I value is
divided into three intervals: 0-60, 61-130, and 131-255. Each
interval represents holes, mortar, and aggregates. That is, the
internal mesoscopic medium of concrete is divided into 3
categories. Figure 1(e) is the meso-structure characterization
image obtained after CT slice processing with DIPS software.
Compared with Figure 1(c), the processed results basically
reflect the real structure of concrete.

2.2. Meso-structure transformation and numerical modeling.
The non-uniformity characterization of digital image pro-
cessing technology must be constructed with a finite element
mesh and then incorporated into the numerical model so
that the influence of the material meso-structure may be
considered in mechanical calculations and analyses. A digital
image is a matrix of rectangular pixels, each of which is a
small square with a certain width and height. As a result,
each pixel in the finite element grid (Figure 2) can be

considered a element, and the coordinates of its four corner
points can be transformed into the appropriate actual po-
sition in vector space. The whole image can be converted
into square finite element grid data and imported into
RFPA2D to generate concrete numerical specimens. De-
tailed description of the conversion process and RFPA2D
principle can be found in the literature[20, 21]. The material
properties of each material component are then allocated to
the represented colors, and the non-uniformity coeflicients
of different components are input into the numerical model
to create a numerical model that considers the material’s
genuine mesoscopic structure.

Given the non-uniformity of the material, we assume
that the mechanical characteristics (elastic modulus,
strength, etc.) of matrix elements obey the Weibull distri-
bution function in the numerical calculation[22]:

m-1 m

where, u is the physical property parameter (elastic modulus,
strength, etc.) of the material medium element; the average
of the basic physical property characteristics is ug; m is the
distribution function’s property parameter that reflects the
uniformity of the material medium; the smaller m, the more
uneven the rock property. The statistical density of the
physical attributes of the material constituents is denoted by
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f(u). The non-uniformity of aggregate, mortar, and primary
cavity was taken into account in the model, and the me-
chanical characteristics of the meso-element were assigned
using the Monte-Carlo approach[23, 24].

Table 1 shows the material properties of the meso-me-
dium within the concrete, and the specimens are mechan-
ically loaded by uniaxial compression. Figure 3 is a
schematic diagram of the force on the numerical model, the
entire process is controlled by a continuous displacement
loading method, with plane stress analysis used to simulate
the test. The starting uniaxial compression displacement
value is 0.001 mm, with a single step load increment of
0.002 mm, a pressure ratio of 10, and the specimen is loaded
until it is destroyed. Considering the characteristics of
concrete materials that are compressive and not tensile, this
paper chooses the Mohr-Coulomb strength theory with
tensile criterion[25] as the criterion for element failure. The
numerical test was carried out in RFPA2D software[4, 5].

To investigate the impact of different inclination cracks
on the mechanical properties of concrete materials, as well as
the effect of microscopic non-uniformity caused by different
crack geometrical distributions on the macroscopic failure of
concrete, we prefabricated cracks with a length of 60mm and
a width of 5mm in the middle of the sample, and anti-
clockwise every 15°to obtain a digital image, a total of 5
digital image were acquired at last (as shown in Figure 4).
The prefabricated crack dip angles « are 15°, 30°, 45°, 60° and
75° respectively, where « is the prefabricated crack’s included
angle with respect to the horizontal direction. Furthermore,
it is vital to ensure the same meso-structure of concrete
specimens in order to analyze the fracture process and
damage features of concrete with varying dip angles.

3. Results and discussion

3.1. Analysis of the influence of a single flaw on the mechanical
properties of concrete. Figure 5 depicts the elastic modulus
and internal primary stress distribution of concrete

specimens when a=45". The greater the brightness in the
figure, the greater the stress value. Because of the variation in
internal microstructure, the internal stress distribution of
the specimen is uneven when compared to Figure 5(a). The
stress concentration distribution at the tip of the pre-
fabricated crack and the critical surface (weak surface) where
the aggregate contacts the mortar is more significant. This
demonstrates that the presence of cracks in concrete and
material non-uniformity have a significant impact on stress
distribution.

The compressive strength and elastic modulus of cracked
concrete specimens with various inclination angles can be
shown in Table 2. The elastic modulus and peak strength of
various specimens are clearly anisotropic, as shown in Fig. 6,
which increases non-linearly with the increase of the pre-
crack inclination angle. The specimens’ greatest strength is
reached at a=75°, and the value is 143.84MPa; while the
minimum value is 93.71MPa when a=15". This is due to the
prefabricated cracks with different inclination angles in the
specimen and the different mechanical properties of dif-
ferent components in the material, which lead to different
mechanical responses under the same level of loading
conditions, resulting in uneven stress distribution. This
conclusion is in line with the findings of Li et al. [26]
(Figure 6), indicating that the numerical simulation results
are trustworthy. As shown in Figures 6 and 7, different stress
concentrations are caused by the difference in the internal
microstructure of the cracked concrete at different incli-
nation angles when the specimen is loaded, which induces
damage and gradually breaks. The elastic modulus and
compressive strength show a great difference, which caused
by the different inclination angles of the cracks.

3.2. Analysis of crack propagation characteristics and meso-
fracture evolution of specimens. Many researchers have
looked at the start and propagation of the original fracture
point and discovered that it may be split into three types:
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TaBLE 1: Concrete mesoscopic medium material parameters

Material Elastic modulus/GPa Poisson ratio Compressive strength/MPa Internal friction angle/(C°)
Aggregate 49.7 0.25 298.8 35
Cement mortar 24.8 0.18 149.6 30
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FIGURE 3: Schematic diagram of numerical model loading.

FiGure 4: Digital images of concrete materials with different inclination angles flaw.

Wing Crack (WC), Secondary Coplanar Crack (SCC) and
Secondary Inclined Crack (SIC)[27, 28]. Figure 7 shows the
evolution of acoustic emission and elastic modulus during
the failure process of concrete with different inclination
angles. In the acoustic emission evolution diagram, yellow
indicates tensile failure, red indicates compression-shear
failure, and black indicates damaged elements.

As can be seen from the Figure 7, When a=15", the wing
crack initiates and propagates along a specific distance from
the tip of the prepared fracture, and the wing crack at the
lower end propagates along the weak surface. The tensile
stress determines the initiation and progression of the wing
crack, and a secondary oblique crack is generated on the

weak side of the lower right corner of the specimen due to
the dominant tensile stress. With the increase of stress, the
wing crack near the prefabricated crack’s tip continued to
spread until it penetrated, resulting in the specimen’s tensile
split failure; When a=30°, the wing crack is perpendicular to
the prepared crack’s tip and expands slowly; when axial
stress increases, the upper wing crack penetrates the ag-
gregate, resulting in transgranular cracks, while the lower
wing crack continued to expand along the weak surface. As a
result of the large accumulation of tensile failure, on the
weak surface of the lower right corner of the specimen, a
macroscopic secondary oblique crack developed, eventually
leading to the splitting failure of the specimen; When a=45",
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FiGURE 5: The specimen’s elastic modulus and primary stress distribution diagram at the initial loading stage.

TaBLE 2: Concrete compressive strength and elastic modulus
simulation results

Inclination/(") ~ Compressive strength(MPa) mo dI:lelaus stECGPa)
a=15° 93.71 22.31
a=30" 94.35 23.01
a=45° 103.86 23.88
a=60" 112.38 25.47
a=75 143.84 25.68

the initiation and propagation of wing cracks are almost the
same as when a=30°, but the failure process is relatively
complicated, when the peak strength is approaching, a
sudden initiation in the lower right part of the sample is
caused by the large accumulation of tensile damage, the
secondary coplanar cracks expanded rapidly, a secondary
coplanar crack and a secondary oblique crack appeared in
the upper left part of the sample. Eventually, all the cracks
penetrated and the specimen was destroyed; All of the wing
cracks initiated and expanded along the tip of the pre-
fabricated crack when a=60°". As the continuous accumu-
lation of axial stress, a large number of tensile failures
occurred near the peak strength, resulting in the rapid
initiation of a secondary oblique crack in the lower right part

of the specimen, and a rapid initiation of the weak surface in
the upper left part, coplanar cracks are generated, and the
final grain penetration leads to macroscopic failure of the
specimen; The tips of the prefabricated crack are located in
the high-strength aggregate when a=75°, resulting in wing
cracks at the tip of the prefabricated crack during the entire
loading process, the expansion is slow, and when the peak
strength is approaching, a large amount of tensile failure
occurs on the weak surface of the lower right part and the
upper end of the sample due to the accumulation of stress,
the crack finally penetrates and the sample is unstable and
damaged.

The components of tensile failure (yellow) dominate the
acoustic emission development diagram, and the macro-
scopic shear bands generated by the specimen’s failure are
primarily related by the elements of tensile failure. In the
process of concrete failure, the initiation and propagation of
wing cracks have a certain randomness, with the increase of
the inclination of the prefabricated cracks, the length of the
wing cracks becomes shorter and the initiation position of
the cracks keeps approaching the tip. When a=45" and
a=60°, the rupture process of the specimen is more com-
plicated; When 15°<a<45’, it is easier to initiate and
propagate wing cracks, when a=60" and a=75", the initiation
and propagation of wing cracks is problematic, and when the
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FIGURE 7: Failure process and acoustic emission evolution diagram of cracked concrete at different inclination angles.



tension is near the peak stress, cracks begin to form and
spread quickly, which will eventually lead to split failure.
From the evolution diagram of elastic modulus, it can be
seen that the initiation and propagation of cracks first spread
along the weak plane due to the microscopic inhomogeneity.
When the stress increases, the crack penetrates the aggregate
to form transgranular cracks, which causes the crack to grow
along the weak plane, with a regular expansion path, the
specimen will eventually produce a tensile stress concen-
tration area at the crack tip, which leads to crack penetration
and tensile split failure. The shape of the inherent crack
defects in concrete has an important influence on its failure
mode. Furthermore, the aggregate acts as a barrier to the
initiation and development of cracks.

3.3. The law of energy change in the process of damage
evolution. Acoustic emission is an efficient instrument for
studying the evolution process of internal rock damage since
it relates to the elastic wave released by the quick release of
local energy under load. In the RFPA2D numerical model,
the method of stiffness degradation is used to deal with the
failure elements, each failure element can be regarded as a
micro-failure, and a element micro-failure is an acoustic
emission event. The position of the acoustic emission is the
center of the element and the magnitude of the acoustic
emission energy, it is the energy released by the micro-
failure of the element, and the total number of damaged
elements in each step can be used as the acoustic emission
count at the current moment, and the cumulative number of
damaged elements is the cumulative number of acoustic
emissions. The accumulation of continuously damaged el-
ements causes gradual damage to the entire material[20, 21].
The AE counts, cumulative AE counts, and stress changes of
different inclination flaw samples with the loading step are
shown in Figure 8.

Figure 8 shows that as the loading step is increased, the
stress grows linearly until the peak strength is reached, at
which point the stress drops significantly, while there is still
some residual strength. The entire process can be divided
into three stages: elastic, yield, and failure. There are less
damage elements in the material at the start of the loading
process, resulting the AE count and cumulative AE count are
also less (paragraph 0-I in Figure 8). As the continuous
action of stress, there are more and more damage elements
inside the material, a large number of damaged elements
gather to form micro-cracks, the AE count reaches the
maximum when the stress reaches the peak value, and the
stored elastic energy is suddenly released, causing the crack
to penetrate and the sample to be unstable and failure.
During the loading process, as the stress continues to release
more and more dissipated energy, the release of the dissi-
pated energy of each sample has similar change character-
istics. In the early stage, the AE energy is small, and it
increases rapidly when it is close to the peak stress. The
cracks grow slowly at the initial stage, and the cracks mainly
grow and penetrate rapidly when they are close to the peak
strength. The cumulative AE energy grows almost expo-
nentially with the increase of the loading step before
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reaching the peak stress. Flat phase (0-I section), accelera-
tion period (I-II section), and inflation period (II-III section)
are the three stages of the growth process. The accumulated
AE energy in the flat period mainly comes from the dissi-
pated energy, after the acceleration period, the accelerated
growth of the cracks in the material leads to the release of
part of the elastic energy, and the accumulated AE energy
increases rapidly. When the peak strength is reached, the
internal cracks in the material penetrate and cause the
sample macroscopic damage and the accumulated AE en-
ergy reaches its peak instantaneously.

3.4. Fractal characteristics of damage evolution of concrete
materials with flaw

3.4.1. Fractal analysis of images using the box-counting
method. Fractal theory can effectively describe the internal
regularity of many irregular appearances in nature, and has
shown its unique application prospects in many fields such
as geotechnical engineering, biology, physics, and computer
graphics [4, 16, 18, 28]. Fractal dimension is one of the core
contents of fractal theory, fractal dimension is used to re-
place the integer dimension of traditional European space,
which can quantitatively characterize things with non-in-
teger value dimension. While there are many ways to define
the fractal dimension, the box-counting dimension can
directly reflect the pixels occupied by the damaged element
in the picture and the calculation is simpler than other
methods. This paper chooses the box-counting dimension to
test the concrete with flaw, such damage evolution char-
acteristics are studied. The principle is that a square grid
(6%6) is used to cover the damaged element in the image and
the grid size is variable. Given the size of the box J, the
number of boxes N which required to cover the failure el-
ement can be calculated. Assuming that the number of boxes
required to cover the destruction element with a square box
of size §; in step i is N;(§,), the size of the box in step i+1 is
d;+1, and the number of boxes required is N;+1(;+ 1). In the
covering process, a set of (§, N) data will be obtained, and the
data will be fitted into a straight line in the logarithmic
graph, and the slope of the straight line is equal to the box-
counting dimension D of the set, which can be expressed as
formula (2).

D = lim Y9,

6—o0 lgé 2

Based on the above understanding and the principle of
digital image storage, combined with the digital image
analysis technology and Matlab calculation function, the
image recognition processing and data analysis system of
brittle materials was developed independently[4]. The main
flow of the algorithm is as follows: (1) Use different scales to
mesh the image. First, process the image into a 500x500
pixel size picture, then the processed image is read in and
binarization is processed to store relevant date (Figure 9(a));
(2) Cover the binary image with a square box with a side
length of §, calculate and count the number of square boxes
N (6) in the damaged area and save the relevant data, a set of
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FIGURE 8: AE counts, cumulative AE counts, and stress changes with loading steps for samples with different inclination angles. (a)-(e)

represents specimens 15°, 30°, 45°, 60°, 75°, respectively.

N (6) and ¢ data could be obtained by covering the same
damage area with different scales of §, and the §=2" (n=1,2,3,
...9) as shown in Figure 9(b); (3) Take double logarithmic
coordinates of N(§) and § for regression analysis and use the
fitted line, the value of D can be obtained by the slope of the
fitted line.

Figure 10 depicts the process of calculating the box
dimension of the acoustic emission binary image during the
concrete failure process using the self-developed brittle
material hole crack image recognition processing and data
analysis system. When a=45" and the stress level is 70 % ,

Figure 11 shows that the fractal fitting relationship diagram
of the failure of the concrete sample. Table 3 shows the
acoustic emission energy values and fractal dimensions of
numerical samples at various stress levels.

Under various stress settings, Figure 12 depicts the link
between the sample and acoustic emission energy. Figure 12
demonstrates that as the stress level rises, the acoustic
emission energy rises as well. The damage development
under different stress conditions is a gradual acceleration
process (increasing slope). The axial stress is near to the peak
intensity when the stress level is greater than 90%, which
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FIGURE 9: Schematic diagram of calculation of fractal dimension of concrete material fracture evolution.
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TaBLE 3: AE energy and fractal dimension values for numerical samples at various stress levels
Stress level
Inclination 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
a=15" AE 54 73 159 206 295 314 382 434 519 717
D 0.840 0.915 1.073 1.163 1.198 1.219 1.242 1.275 1.34 1.419
w 0.420 0.459 0.537 0.582 0.599 0.610 0.621 0.638 0.67 0.710
a=30° AE 62 88 112 167 185 203 256 320 402 594
D 0.982 0.987 1.131 1.167 1.187 1.20 1.22 1.285 1.328 1.423
w 0.491 0.494 0.567 0.584 0.594 0.60 0.61 0.643 0.664 0.712
o =45° AE 64 71 78 120 131 168 195 294 400 633
D 0.899 0.962 1.042 1.101 1.18 1.251 1.276 1.303 1.352 1.44
w 0.449 0.481 0.521 0.551 0.59 0.626 0.638 0.652 0.676 0.72
a=60° AE 47 69 76 81 92 108 116 174 334 542
D 0.807 0.938 1.01 1.176 1.196 1.214 1.273 1.298 1.326 1.401
w 0.404 0.469 0.505 0.588 0.598 0.607 0.637 0.649 0.663 0.701
a=75 AE 44 83 96 119 141 144 172 180 421 1319
D 0.815 0.982 0.995 0.998 1.071 1.122 1.129 1.259 1.396 1.544
w 0.408 0.491 0.498 0.499 0.536 0.561 0.565 0.630 0.698 0.772
causing the crack to penetrate and release a large amount of
1400 energy, resulting in a large number of elements damaged, the
1200 number of acoustic energy increased sharply and the lo-
cation was highly concentrated. A macroscopic failure zone
~ 1000 - (Figure 7) is formed. The acoustic emission energy value
= 200 released by the sample with a=75" is the greatest when the
g stress reaches its peak intensity. Combined with the acoustic
% 600 - emission evolution in Figure 7, it can be seen that the in-
400 ternal damage is the most serious and the macroscopic
| failure is the most severe.
200 The fractal dimension of each selected binary picture is
extracted after performing fractal analysis on the corre-
dr———T 77— 77— sponding damage evolution binary picture under different
10 20 30 40 50 60 70 80 90 100 110

Stress level (%)

o 600

—— 75°

—=— 45°
—e— 15°

—a— 30°

FIGURE 12: The connection between AE energy and various levels of
stress.

stress levels, and the change in dimension is shown in
Figure 13. The degree of damage to the microstructure of
each sample’s material increases as the stress level increases,
there are more and more failure elements on the corre-
sponding damage evolution binary diagram (Figure 9(a))
and the fractal dimension increases accordingly. Meanwhile,
the corresponding damage evolution binary diagram has



12

Fractal dimention (D)

0.8 & T T T T T T T T

10 20 30 40 50 60 70 80 90 100 110

Stress level (%)

—a— 15°
—— 30°

—a— 45°

—— 60°

—— 75°

FIGURe 13: Relationship between fractal dimension and different
stress levels.

more and more rupture elements (Figure 9(a)) and the
fractal dimension increases. When the stress reaches the
critical value, the stress suddenly drops at the same time
accompanied by abrupt behaviors such as the rapid increase
of failure elements and the increase of damage fractal di-
mension. The failure probability and fractal dimension
change little when the stress level is less than 30%. Material
failure is actually a self-organizing process from disordered
distribution to concentrated order, the failure elements
develop from overall random distribution to local concen-
tration, macroscopically it is the initiation and expansion of
microcracks, the size of the fractal dimension reflects the
damage. This means that there are more and more fine
defects, which tend to diffuse into the entire sample. As the
stress level increases, the development of damage inside the
material is a gradual acceleration process, reflecting the
accelerated deterioration of the mechanical properties of the
material under the action of stress until it is destroyed. When
Figures 11 and 12 are compared, it is clear that the evolution
process of the material’s internal fracture shows a general
trend of increasing dimensionality. When the stress level is
100%, there is a good corresponding relationship between
the change of fractal dimension and the energy release,
which is expressed as acoustic emission energy, the greater
the release, the greater the fractal dimension, and the more
serious the internal damage of the material.

3.4.2. Damage variable based on fractal theory. Although
there are many methods to determine rock damage vari-
ables, most of them are still describing the quantitative
relationship of micro-fracture evolution, the spatial distri-
bution characteristics of micro-fractures have not been re-
flected, and the damage characteristics of rock materials
cannot be truly reflected. Therefore, exploring a method that
can truly reflect the process of mechanics and can be easily
obtained and objectively measured is an important issue that
needs to be solved urgently in the geotechnical engineering
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community. However, the damage and failure process of
materials is actually the development, inoculation and
evolution process of internal micro-fractures. Since the
method of stiffness degradation is used to deal with the
failure elements in the numerical model, each failure ele-
ment can be regarded as a micro-fracture. Larger-scale
cracks are formed by the failure elements connections.
Therefore, the number and location distribution charac-
teristics of the failure elements reflect the damage degree of
the concrete specimens.

Based on the research foundation of section 3.4.1, this
article attempts to establish the relative relationship between
the damage variable and the damage degree represented by
the box dimension, and use a more convenient quantitative
method to express complex objects that are difficult to
quantify. The definition of the damage variable expressed by
the box dimension is as follows:

0= ®

D max D 0

where w represents the damage variable, D; represents the
fractal dimension of the internal fracture area of the material
when the stress level is i%; when the material is not loaded,
D, denotes the fractal dimension of the internal fracture
region of the material; D, represents the fractal dimension
of the fracture area when the material is completely failure.
Since this research is a two-dimensional problem, D, = 2.
According to formula (3), the damage variable w of the
sample under different stress levels can be calculated, as
shown in Table 3.

When comparing Figures. 13 and 14, it’s clear that the
damage variable w and the fractal dimension D have a
synchronized changing trend, and both increase continu-
ously with the increase of stress. This is due to the con-
tinuous development of a large number of micro-defects in
the material in the process of deformation, and the occur-
rence of macroscopic failure is caused by the continuous
accumulation of internal damage of the material. As the
increase of the stress level, the increase of the internal failure
elements of the material leads to the fuller the development
and expansion of the micro-defects, the larger the damage
variable (w) and the fractal dimension. The generation and
evolution of the internal fracture of the material can be
described by the change. Thence, based on the damage
variable (w) of fractal theory, the damage of rock-like ma-
terials is characterized. Different crack propagation paths
result from the distribution form of a single crack in con-
crete. Due to microscopic non-uniformity, cracks begin to
form and propagate over the weak surface, which leads to the
expansion of the crack along the weak surface to form an
irregular propagation path, which is expressed as the fractal
dimension D and the damage variable w have a certain
difference in the damage evolution process of the material,
that is, W;5->W45>W307>W 15> Wer.

3.5. Application prospect analysis of damage variable based on
fractal theory in damage evolution of roadway in Lannigou
Gold Mine. The Lannigou Gold Mine is the largest fault-



Advances in Materials Science and Engineering

0.50

13

0.4040
0.4408
0.4776
0.5144
0.5512
0.5880
0.6248

0.6616

0.6984

0.7352

0.7720

FIGURE 14: Relationship between damage variable, stress levels, and inclination.

controlled Carlin-type gold deposit in southwestern Guiz-
hou. From 1987 to the end of 2005, the identified resources
amounted to 126.25 tons, reaching an extremely large scale
[29]. Multiple periods of tectonic movement have occurred
in the mine, resulting in complex geological circumstances
for the ore body’s occurrence. During the deep mining
process, the surrounding rock of the deep roadway has
encountered challenges such as large deformation and
support difficulties [30, 31]. The practice of deep mining
engineering has been ahead of the systematic exploration of
related basic theories, and there lindness, inefficiency and
uncertainty in engineering practice to a certain extent.
Therefore, this research can provide certain theoretical
support for the optimization of deep wet shotcrete support
strength and parameters of Lannigou Gold Mine.

At present, domestic and foreign researchers have ob-
tained many research results on the damage evolution of
surrounding rock in deep mining tunnels. Zhu et al. used
RFPA software and assumed that the elastic modulus and
strength indexes of the rock obey the Weibull distribution,
and numerically simulated the initiation, expansion and
penetration process of the underground surrounding rock
fractures [32]. Zhang et al. aimed at the difficulty of con-
trolling the stability of the surrounding rock in deep broken
soft rock roadways, analyzed the deformation and failure
characteristics and failure mechanism of the surrounding
rock [33]. Dou et al. investigated the effect of shear dis-
placement in the roadway’s surrounding rock on fluid flow
and solute transport in rough fractures [34]. Gao et al.
studied the drilling behavior and mechanism of cores below
4500 m in Well Songke 2 in order to learn more about the
damage mechanisms of the surrounding rocks [35].The

above research has important reference value for the un-
derstanding of roadway failure mechanism, but there are few
reports on how to quantify the degree of roadway failure.
However, the essence of roadway failure is the macro-me-
chanical response generated by the accumulation of internal
damage to a certain extent. If the whole process of roadway
from damage to final failure can be quantitatively charac-
terized, it will help to reveal the damage of the surrounding
rock of deep roadway and provide a reference for the sta-
bility control of the surrounding rock of the roadway.

This study describes the damage evolution process inside
the material based on fractal theory, and proposes a damage
variable index (w) based on fractal theory. Using w as a
parameter to characterize the degree of material damage, the
macroscopic failure characteristics of the material and its
internal fracture evolution are unified and the inconvenience
of too many mechanical parameters involved in the damage
definition is overcome, and provides a new method for
quantitatively studying the damage evolution characteristics
of rock-like materials. Based on the study in this article, we
independently developed a system for image recognition and
processing of pores and cracks in brittle materials and data
analysis. In view of the control problems of the surrounding
rock of the Lannigou gold mine and the study ideas in this
article, this system can calculate the fractal dimension to
analyze the damage evolution of the roadway’s surrounding
rock. In order to better understand the damage evolution
process of the surrounding rock of the roadway, a damage
variable index based on the fractal dimension is presented to
measure the degree of growth of cracks in the surrounding
rock, so as to provide certain guidance for the safe pro-
duction of the mine.
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4. Conclusion

(1) The box dimension is used to describe the internal
damage evolution binary diagram of the material,
and it is found that the damage fractal dimension has
a linear relationship with the stress at different stages.
A damage variable index (w) based on the fractal
theory is proposed, and w is used as a parameter to
characterize the degree of material damage. The
macroscopic failure characteristics of the material
and its internal fracture evolution are unified and the
inconvenience of too many mechanical parameters
involved in the damage definition is overcome. The
larger the w, the higher the degree of damage to the
material. The proposed index introduces a new way
for studying the damage evolution characteristics of
rock-like materials in a quantitative manner.

(2) The crack inclination angle has a substantial impact on
the elastic modulus and compressive strength of
concrete materials, and exhibits non-linear properties
as the angle increases. The material’s interior micro-
scopic non-uniformity causes an uneven internal stress
distribution, and wing crack initiation and propagation
paths are somewhat random. As the prefabricated
crack inclination angle increases, the wing crack length
shortens, and the wing crack initiation point moves
closer to the prefabricated crack tip.

(3) Due to the influence of the internal non-uniformity
of the material, when 15°<a<45’, the wing crack
initiation and expansion is easier. When a=60° and
a=75", it is difficult for the wing crack to initiate and
expand. When approaching the peak stress, the crack
initiation and spread suddenly. Finally, the splitting
failure is formed.

(4) The crack specimens with different inclination angles
have similar evolution characteristics of acoustic
emission. The AE energy is small in the early stage of
loading, and it increases rapidly when the stress is
close to the peak. The cumulative AE energy reflects
the entire destruction process of the material under
compression. It expands exponentially as the loading
step is increased, the growth process can be separated
into three phases: flat, acceleration, and inflation.

Data Availability

Some or all data, models, or code generated or used during
the study are available from the corresponding author by
request.

Conflicts of Interest

The authors declares that there is no conflict of interest
regarding the publication of this paper.

Acknowledgments

The study was funded by the Guizhou Province Science and
Technology Support Program Project (No: QIANKEHE

Advances in Materials Science and Engineering

Support [2021] General 516); National Natural Science
Foundation of China (No: 51964007, 41962008, 51774101).

References

(1]

[2

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

(12]

(13]

(14]

C. Zhu, M.-c. He, B. Jiang, X.-z. Qin, Q. Yin, and Y. Zhou,
“Numerical investigation on the fatigue failure characteristics
of water-bearing sandstone under cyclic loading,” Journal of
Mountain Science, vol. 18, no. 12, pp. 3348-3365, 2021.

G. C. Shi, X.J. Yang, H. C. Yu, and C. Zhu, “Acoustic emission
characteristics of creep fracture evolution in double-fracture
fine sandstone under uniaxial compression,” Engineering
Fracture Mechanics, vol. 210, pp. 13-28, 2018.

C. Zhu, M. C. He, X. H. Zhang, Z.-g Tao, Q. Yin, and L.-f Li,
“Nonlinear mechanical model of constant resistance and large
deformation bolt and influence parameters analysis of con-
stant resistance behavior,” Rock and Soil Mechanics, vol. 42,
no. 7, pp. 1911-1924, 2021.

H. Liu, Y. Zuo, Z. Wu et al,, “Fractal analysis of mesoscale
failure evolution and microstructure characterization for
sandstone using DIP, SEM-EDS, and micro-CT,” Interna-
tional Journal of Geomechanics, vol. 21, no. 9, Article ID
04021153, 2021.

Z.Li, L. Li, B. Huang et al., “Numerical investigation on the
propagation behavior of hydraulic fractures in shale reservoir
based on the DIP technique,” Journal of Petroleum Science and
Engineering, vol. 154, pp. 302-314, 2017.

C. Cao, W. Zhang, J. Chen, B. Shan, S. Song, and J. Zhan,
“Quantitative estimation of debris flow source materials by
integrating multi-source data: a case study,” Engineering
Geology, vol. 291, Article ID 106222, 2021.

R. C. Nolen-Hoeksema and R. B. Gordon, “Optical detection
of crack patterns in the opening-mode fracture of marble,”
International Journal of Rock Mechanics and Mining Sciences,
vol. 24, no. 4, pp. 135-144, 1987.

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.

C. H. Park and A. Bobet, “Crack coalescence in specimens
with open and closed flaws: a comparison,” International
Journal of Rock Mechanics and Mining Sciences, vol. 46, no. 5,
pp. 819-829, 2009.

A. Manouchehrian, M. Sharifzadeh, M. F. Marji, and
J. Gholamnejad, “A bonded particle model for analysis of the
flaw orientation effect on crack propagation mechanism in
brittle materials under compression,” Archives of civil and
mechanical engineering, vol. 14, no. 1, pp. 40-52, 2014.

X. P. Zhang and L. N. Y. Wong, “Cracking processes in rock-
like material containing a single flaw under uniaxial com-
pression: a numerical study based on parallel bonded-particle
model approach,” Rock Mechanics and Rock Engineering,
vol. 45, no. 5, pp. 711-737, 2012.

T. Liu, B. Lin, W. Yang, Q. Zou, J. Kong, and F. Yan,
“Cracking process and stress field evolution in specimen
containing combined flaw under uniaxial compression,” Rock
Mechanics and Rock Engineering, vol. 49, no. 8, pp. 3095-3113,
2016.

R. C. Xu, “Influence of flaw inclination angle on cracking
behavior of rock-like materials under uniaxial compression,”
Advances in Materials Science and Engineering, vol. 2019,
no. 1, 10 pages, Article ID 6942586, 2019.

L. M. Taylor, E.-P. Chen, and J. S. Kuszmaul, “Microcrack-
induced damage accumulation in brittle rock under dynamic



Advances in Materials Science and Engineering

loading,” Computer Methods in Applied Mechanics and En-
gineering, vol. 55, no. 3, pp. 301-320, 1986.

[15] T. J. Ahrens and A. M. Rubin, “Impact-induced tensional
failure in rock,” Journal of Geophysical Research: Planets,
vol. 98, no. E1, pp. 1185-1203, 1993.

[16] H. Xie, Fractals in Rock Mechanics, A A Balkema, Rotterdam,
Netherlands, 1993.

[17] M. Gao, J. Xie, Y. Gao et al., “Mechanical behavior of coal
under different mining rates: a case study from laboratory
experiments to field testing,” International Journal of Mining
Science and Technology, vol. 31, no. 5, pp. 825-841, 2021.

[18] H. Liu, L. Zheng, Y. Zuo et al., “Study on mesoscopic damage
evolution characteristics of single joint sandstone based on
micro-CT image and fractal theory,” Shock and Vibration,
vol. 2021, Article ID 6547028, 18 pages, 2021.

[19] Q. Yu, W. Zhu, C. a. Tang, and T. Yang, “Impact of rock
microstructures on failure processes - numerical study based
on DIP technique,” Geomechanics and Engineering, vol. 7,
no. 4, pp. 375-401, 2014.

[20] C. Tang, “Numerical simulation of progressive rock failure
and associated seismicity,” International Journal of Rock
Mechanics and Mining Sciences, vol. 34, no. 2, pp. 249-261,
1997.

[21] Q. L. Yu, Digital Image Processing-Based Numerical Methods
for Failure Process Analysis of Rock-like materials, North-
eastern University, Shenyang, China, 2008.

[22] W. Weibull, “A statistical distribution function of wide ap-
plicability,” Journal of Applied Mechanics, vol. 18, no. 3,
pp. 293-297, 1951.

[23] F. Rossi, A. Di Carlo, and P. Lugli, “Microscopic theory of
quantum-transport phenomena in mesoscopic systems: a
Monte Carlo approach,” Physical Review Letters, vol. 80,
no. 15, pp. 3348-3351, 1998.

[24] R. Y. Rubinstein and D. P. Kroese, Simulation and the Monte
Carlo Method. 707, John Wiley & Sons, Hoboken, NJ, USA,
2011.

[25] B. H. G. Brady and E. T. Brown, Rock Mechanics for Un-
derground mining, pp. 106-108, Chapama and Hall, London,
UK, 1993.

[26] D. Li, E. Wang, X. Kong, M. Ali, and D. Wang, “Mechanical
behaviors and acoustic emission fractal characteristics of coal
specimens with a pre-existing flaw of various inclinations
under uniaxial compression,” International Journal of Rock
Mechanics and Mining Sciences, vol. 116, pp. 38-51, 2019.

[27] A.Bobet, “The initiation of secondary cracks in compression,”
Engineering Fracture Mechanics, vol. 66, no. 2, pp. 187-219,
2000.

[28] J. Jin, P. Cao, and C. Z. Pu, “Effect of preformed fracture
geometry parameters on failure mode and strength of rock-
like materials,” Journal of Central South University, vol. 45,
no. 2, pp. 529-535, 2014, in Chinese.

[29] C. Maohong, M. Jingwen, F. P. Bierlein, T. Norman, and
P. J. Uttley, “Structural features and metallogenesis of the
carlin-type Jinfeng (Lannigou) gold deposit, Guizhou Prov-
ince, China,” Ore Geology Reviews, vol. 43, no. 1, pp. 217-234,
2011.

[30] L. Zheng, Y. Zuo, and Y. Hu, “Deformation mechanism and
support technology of deep and high-stress soft rock road-
way,” Advances in Civil Engineering, vol. 2021, Article ID
6634299, 14 pages, 2021.

[31] D. Chen, H. Chen, and W. Zhang, “An analytical solution of
equivalent elastic modulus considering confining stress and
its variables sensitivity analysis for fractured rock masses,”

15

Journal of Rock Mechanics and Geotechnical Engineering,
2021.

[32] W. C. Zhu, J. Liu, C. A. Tang, X. D. Zhao, and B. H. Brady,
“Simulation of progressive fracturing processes around un-
derground excavations under biaxial compression,” Tunnel-
ling and Underground Space Technology, vol. 20, no. 3,
pp. 231-247, 2005.

[33] G.C.ZhangandF. L. He, “Deformation failure mechanism of
high stress deep soft roadway and its control,” Journal of
Mining & Safety Engineering, vol. 32, no. 4, pp. 571-577, 2015.

[34] Z. Dou, S. X. Tang, and X. Y. Zhang, “Influence of shear
displacement on fluid flow and solute transport in a 3D rough
fracture,” Lithosphere, vol. 2021, Article ID 1569736, 2021.

[35] M. Z. Gao, H. C. Hao, and S. N. Xue, “Discing behavior and
mechanism of cores extracted from Songke-2 well at depths
below 4500 m,” International Journal of Rock Mechanics and
Mining Sciences, vol. 149, Article ID 104976, 2022.



Hindawi

Advances in Materials Science and Engineering
Volume 2022, Article ID 7692772, 11 pages
https://doi.org/10.1155/2022/7692772

Research Article

@ Hindawi

Monitoring and Analysis of a High-Performance Concrete Shaft

Lining: A Case Study

Daolu Quan,l’2 Hongguang Ji ,12 Xiaobo Su,"? Hui Cao,! and Juanhong Liu'?

College of Civil and Resource Engineering, University of Science and Technology Beijing, Beijing 100083, China
°Key Laboratory of Urban Underground Space Engineering, University of Science and Technology Beijing, Beijing 100083, China

Correspondence should be addressed to Hongguang Ji; 1274242908@qq.com

Received 13 December 2021; Revised 5 January 2022; Accepted 8 January 2022; Published 31 January 2022

Academic Editor: Ren Fuqiang

Copyright © 2022 Daolu Quan et al. This 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.

Shaft lining in ultradeep mines on the coast of eastern China under the complex external environments of “high in situ stress and
high osmotic pressure” has the disadvantages of failure; to solve this problem, the field test of high-performance concrete shaft
lining structure was carried out in Sha-ling gold mine. The field test study of the high-performance concrete shaft lining was
carried out in a —1120 m ingate and a —1114m to —1124 m shaft. Its stress and deformation were monitored and analyzed. The
maximum compressive stress of the HPC shaft lining structure at the level of —1117.7 m of the air intake shaft is 1.91 MPa. Based
on the Von-Mises yield theory and the analytical solution of thick-walled cylinder theory, the ultimate limit of the high-per-
formance concrete shaft lining in the Sha-ling gold mine was obtained. The high-performance concrete shaft lining strain changes
smoothly, and concrete strain can be divided into three stages: the rapid growth period, the slow growth period, and the stable
period. The monitoring results show that the high-performance concrete shaft lining has excellent mechanical properties in the
external environment of high in situ stress, which can be used as a reference for the support design of similar projects.

1. Introduction

Under the complex external environments of “high in situ
stress, high ground temperature, high water pressure, and
strong excavation disturbance” [1], the physical and me-
chanical properties of deep rock masses are generally dif-
ferent from those of shallow rock masses [2, 3]; thus, the rock
masses change from an elastic state to a plastic state. The
pressure distribution of the surrounding rock and the ex-
cavation disturbance stress path will affect the stability of the
surrounding rock. To study the fatigue failure characteristics
of sandstone, Zhu et al. carried out cyclic loading and
unloading numerical simulation tests of sandstone with
different loading parameters and different water content [4].
Gao et al. studied the mechanical properties of coal at
various mining rates on the laboratory scale and the field
scale [5]. Chen et al. adopted an analytical approach to
calculate the equivalent elastic modulus of fractured rock
masses with a random discrete fracture or regular fracture
considering the confining stress [6]. In the process of shaft

excavation, water inrush, rock-burst, lamping, and other
engineering support problems are frequent occurrences.
Some high-grade shaft lining concrete may even suffer brittle
failure in the deep external environment of high in situ stress
and high osmotic pressure. Simultaneously, the deep strata
and deep-water quality in the coastal area are rich in Cl™ and
SOZ ions, putting the shaft lining concrete at risk of
chemical corrosion [7-9], which seriously affects the
strength and durability of the concrete [10-13] and dra-
matically shortens the life of the shaft lining.

Stress-strain monitoring technology has been widely
used in geotechnical and underground engineering. Zhu
et al. monitored and analyzed the deformation of deep
foundation pit, ground subsidence, and adjacent buildings
[14]. Dou et al. studied the influence of shear displacement
on fluid flow and solute transport in three-dimensional
rough fractures of fractured rock mass [15]. Cao et al. used
the interferometric synthetic aperture radar (InSAR)
technology to obtain the ground surface deformation [16].
Dou et al. investigated the influence of the layer transition
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zone on the multilayered slope [17]. The shaft lining
structures’ stress, deformation, and strength characteristics
have been studied using model tests [18-24]. Ding et al.
analyzed the failure characteristics and mechanical
mechanism of the slope by the physical model test [25].
Zhao et al. analyzed the plastic limit load of shaft lining
based on the unified strength theory and discussed the
relationship between the plastic limit load of shaft lining
and the strength difference of structural materials [26]. Lyu
and Wang monitored and analyzed the shaft lining de-
formation of the weakly cemented stratum in west China
and obtained the limit deformation value of the shaft lining
[27]. To study the mechanical behavior of surrounding rock
under prestressed bolt support, Li et al. established the
mechanical model of bolt support, and the deformation of
the surrounding rock of the inclined shaft was monitored
[28]. However, previous studies on the shaft lining support
form usually focus on the topsoil layer; however, few re-
ports focus on the shaft lining stress and deformation
characteristics under the occurrence of the complex ex-
ternal environments of “high in situ stress and high osmotic
pressure” in the deep stratum.

As for the deep shaft support method of metal mine,
there is no mature theory so far. In the environment of high
in situ stress in the deep stratum, drilling in rock mass or
supporting by high-grade concrete is usually adopted to
resist the large deformation of surrounding rock. However,
Liu et al. presented that high-grade concrete (C50 and
above) has an impact tendency and brittle failure will occur
[29]. It is of engineering significance to study and use the
high-performance concrete shaft lining with low impact
tendency to control the deformation of surrounding rock
under the environment of high in situ stress of deep metal
mine.

Hence, based on the —1114m to —1124 m section of the
air intake shaft and the —1120 m ingate high-performance
concrete (HPC) shaft lining structure field application re-
search in this paper, we analyze the characteristics of stress
and deformation of high-performance concrete shaft lining.
Combined with the Von-Mises yield theory and thick-walled
cylinder theory, the ultimate stress of the high-performance
concrete shaft lining is established. The strain variation law
of the HPC shaft lining is obtained. The advantages and
disadvantages of the applications of HPC are summarized. It
is hopeful that our work can provide a reference for a deep
metal shaft lining structure design.

2. Engineering Geological

2.1. Engineering Background. As shown in Figure 1, the Sha-
ling gold mine is located in Lai-Zhou City, Shandong
Province. The linear distance between the northwest end of
the mining area and the coast of the Bohai Sea is about
5.3km, which belongs to the coastal area of Shandong
Province. The distance between the main shaft, the auxiliary
shaft, and the air intake shaft in the Sha-ling gold mine is
relatively close, which is approximately triangular in space,
and the linear distance between the auxiliary shaft and the air
intake shaft is about 60 m.
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The design depth of the air intake shaft within the Sha-
ling gold mine is 1449 m, the net diameter of the shaft lining
is 6.5m, and the thickness of the support is 400 mm, which
was excavated using a common method. The original sup-
port design parameters of the shaft from -1114m to
—-1124 m and the ingate at —1120 m of air intake shaft are
exhibited in Table 1.

2.2. Geological Background. The regional geological struc-
ture of the Sha-ling gold mine construction project is
complex, and the fault structure is developed within the area.
The main fault is the Jiao-Jia fault, the branch fault is the
Wang-Er-Shan fault, and the north section fault is the Ling-
Shan fault. The rock fissures are developed on both sides of
the Jiao-Jia fault zone. The upper part of the Jiao-Jia fault is
metamorphic gabbro and the lower part of the Jiao-Jia fault
is dominated by granite. The rock mass from —1114m to
—1124m is sericeous granite, and the quality grade of rock
mass is grade II. The uniaxial compressive strength of sericite
granite in this section is about 90 MPa. RQD value ap-
proaches 48%, and the rock mass is comparatively broken.

3. Distribution of In Situ Stress in Sha-Ling
Gold Mine

Understanding the law of in situ distribution is the basis for
investigating deep rock mechanics [30] in order to obtain the
in situ stress distribution law of the deep strata in the shaft
construction area of the Sha-ling gold mine and guide the
shaft excavation. Before the shaft excavation, our research
group used the hydraulic fracturing method to measure the
in situ stress in the Sha-ling gold mine. In the in situ
measurement of the air intake shaft in the Sha-ling gold
mine, the drill pipe cannot be lowered because of the serious
hole collapse. The linear distance between the auxiliary shaft
and the air intake shaft is about 60m, so the in situ mea-
surement is carried out in the auxiliary shaft. The hydraulic
fracturing in situ stress measurement equipment adopted
the SY- 2007 single-loop in situ stress measurement system
developed by the Institute of Geomechanics, Chinese
Academy of Geological Sciences [31]. The law of in situ stress
distribution in the auxiliary shaft of the Sha-ling gold mine is
shown in Figure 2.

It can be seen from Figure 2 that the maximum hori-
zontal principal stress in the shaft construction engineering
area is 24.14 MPa~45.56 MPa (-775.4 m~—1532.5m), and
the  minimum  horizontal  principal  stress is
18.85 MPa~37.51 MPa (-775.4m~-1532.5m). The maxi-
mum and minimum horizontal principal stress near
—-1120 m is 35.9 MPa and 27.2 MPa, respectively.

4. Field Test Method

4.1. Raw Materials and Mixture Proportions. The HPC of the
deep shaft is composed of silicate 42.5R cement, a special
compound comprised of river sand, copper-plated micro-
wire steel fiber, and a polycarboxylic acid water reducer. The
mixtures’ proportions of the HPC in the deep shaft are
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FiGure 1: Location of Sha-ling gold mine.

TaBLE 1: The original support parameters of —1114m to —1124 m shaft lining and the —1120 m ingate of the air intake shaft.

Support parameter
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FIGURE 2: In situ stress distribution of auxiliary shaft

in Sha-ling gold mine.

present in Table 2. The compound is composed of finely
ground slag powder, fly ash, and silica fume proportions. Its
performance meets the requirements of the concrete
cementing materials and the compressive strength of the
HPC reaches 80 MPa. Zhou et al. studied the splitting tensile
strength, flexural strength, brittleness coefficient, impact
energy index, dynamic failure time, and other parameters of

the HPC through rigorous laboratory tests [32]. The brit-
tleness coefficient, impact energy index, dynamic failure
time, and other parameters of the HPC belong to the cat-
egory of nonimpact liability, which will not be elaborated in
detail in this paper.

In order to complete the field test research on the
—1120 m ingate of the air intake shaft (the ingate support is
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TABLE 2: Mixing proportions of HPC.
Composition Cement Special admixtures Sand Steel fiber Water Admixture Water-binder ratio
b (kg:m™) (kg:m™) (kg:m™) (kg-m™) (kg:m™) (kg-m™)
Proportion 240 630 1205 50 200 10 0.23

5m) and the —1114m to —1124m HPC shaft lining, ap-
proximately 120 m* of HPC was prepared on-site. The HPC
was mixed evenly with a mixer and transported to the casting
layer using a bucket. When the concrete was mixed, steel
fiber was added in batches in order to evenly disperse the
material and ensure the workability of the concrete. The
HPC after mixing is shown in Figure 3, and the HPC shaft
lining after the mold removal is shown in Figure 4.

4.2. Field Monitoring Instruments

4.2.1. Force-Measuring Bolt. The environment of the deep
shaft in coastal areas is harsh. The complex external envi-
ronments, such as high ground temperature and water
drenching from the large shaft lining, put forth higher re-
quirements for monitoring the instruments’ reliability and
durability. To cope with the complex external environments
of the deep shaft and ensure the authenticity and reliability
of the monitoring results, an improved stress monitoring
sensor force-measuring bolt was used to monitor shaft lining
stress. As shown in Figure 5, the force-measuring bolt is
composed of three parts: the steel bar meter, the steel bar,
and a steel plate within the PVC pipe. The steel bar meter is
connected to both ends of the steel bar; one end of the steel
bar is welded to a steel plate. The steel plate length x width is
150 x 150 mm, and the thickness is 6 mm. The force mea-
surement bolt is 900 mm long.

Before the concrete shaft lining is poured, one end of the
unconnected steel plate is fixed to the surrounding rock. The
steel bar placed deep into the surrounding rock is then fixed
into the surrounding rock via epoxy resin. Both ends of the
PVC pipe are sealed to avoid the reinforcement meter being
interfered with by the vibrations caused by the pouring of
concrete into the shaft lining; thus reducing the probability
of the reinforcement meter being corroded by groundwater.
This instrument has been used, and its reliability has been
proven in the stress monitoring of the new main shaft at
-1300 m and -1418 m levels within the Xin-Cheng gold mine
[33].

4.2.2. Vibrating String Concrete Strain Gauge. The concrete
strain monitoring sensor uses an embedded vibrating string
concrete strain gauge. The standard measuring range of the
embedded vibrating string concrete strain gauge is £3000 pe,
and the working environment temperature is —25~80°C,
confirmed with a temperature measuring function.

When the strain gauge is buried in concrete, the vi-
bration frequency of the vibrating string in the strain gauge
changes with the deformation of the concrete. The strain size
of the strain gauge can be obtained by using the vibration
frequency change of the vibrating string; thus, the strain
change of the concrete can be measured. The strain

calculation formula of the vibrating string strain gauge can
be expressed as

5=k(fi2‘f(2))+TK(Ti‘To)’ (1)

where ¢ is the strain relative to the initial time, ye; k is the
conversion coefficient, k =2.48 x 1073; f, is the output
frequency, pe; f, is the original frequency, pe; Ty is the
coefficient for temperature correction, Ty = 2.2; T; is the
temperature value at the time of measurement, °C; T, is tne
initial temperature, °C.

4.3. Test Point Arrangement. Figure 6 illustrates the layout of
the stress and strain monitoring points on the shaft lining
from —1114m to —1124 m of the air intake shaft and the
ingate from —1120 m. Three measuring points were arranged
at the arch and the left and right shoulders of the ingate at
1120 m. Three measuring points were arranged on the shaft
lining connected with the ingate. The three measuring points
on the shaft lining were all at the same level with the
waistline of the ingate (-1117.7m). One load bolt, one
circumferential concrete strain gauge, and one axial concrete
strain gauge were installed at each measuring point. Data
collection was carried out after concrete pouring, and 3~4
groups of data were collected at each measuring point for a
total of 30 days.

5. Results and Analysis

5.1. Stress Characteristics and Analysis of the HPC Shaft Lining
at —1117.7m Level. The shaft lining stress variation of the
HPC at the —1117.7 m level is shown in Figure 7. The tensile
stress of the shaft lining is positive, and the compressive
stress is negative. It can be seen from Figure 7 that the
interaction stresses between the high-performance concrete
shaft lining and the surrounding rock are compressive stress
at measurement points No. 1,2,and 3 at —1117.7 m level. The
shaft lining restricts the movement of the surrounding rock
to the surface of the wellbore so that the interaction stress
between the shaft lining and the surrounding rock is
compressive. The stress of the surrounding rock is adjusted
continuously, and the interaction stress between the shaft
lining and surrounding rock is in a fluctuating state. During
the monitoring period, the interaction stress at measuring
point No. 1 is 0.029~0.056 MPa, the interaction stress at
measuring point No. 2 is 0.016~0.038 MPa, and the inter-
action stress at measuring point No. 3 is 0.33~1.91 MPa.
The interaction stress between shaft lining and sur-
rounding rock at —1117.7 m level of measuring point No. 3
increases slowly at first. After 18 days of high-performance
concrete pouring, the interaction stress between shaft lining
and surrounding rock at measuring point No. 3 increases
rapidly and finally stabilizes at 1.8 MPa. The compressive
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FiGURE 4: HPC shaft lining after form stripping.
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FIGURE 7: Variations of interaction stress between the horizontal shaft lining and the surrounding rock at the —1117.7 m shaft lining.

stresses between shaft lining and surrounding rock at
measuring points No. 1 and 2 are small, and the maximum
value is only 0.055MPa. As can be seen from Figure 8, the
circumferential strains of concrete at measuring points No. 1
and 2 are finally maintained at 500 pe and 600 pe, respec-
tively, which indicates that the surrounding rock at No. 1
and No. 2 has large deformation under the action of high in
situ stress. Thus, the interaction stresses between shaft lining
and surrounding rock at measuring points No. 1 and 2
should be larger because the surrounding rock produces
higher circumferential stress to the shaft lining. However,
the value of interaction stresses between shaft lining and
surrounding rock at measuring points No. 1 and 2 is small,
and the change law of interaction stress is not consistent with
the strain evolution of concrete. The analysis shows that the
hole diameter is too large when the force-measuring anchors
were buried at measuring points No. 1 and 2. The lack of
occlusion between the steel bar of the force anchor and the
surrounding rock leads to the nonsynchronous movement
which results in a small interaction stress between the
surrounding rock and the shaft lining+.

5.1.1. Ultimate Stress of the High-Performance Concrete Shaft
Lining at —1117.7 m Level. The calculation diagram of stress
distribution of surrounding rock during circular shaft ex-
cavation is shown in Figure 9.

When r = r,, the stress distribution of surrounding rock
can be expressed as

O = 0’
0,.9=P[(1+A)—2(1—-A)cos 20], (2)
Trg = 0,

where 0,, is the rock radial stress, 0,4 is the rock tangential
stress, 7,9 is the rock shearing stress, P is the initial stress,
and A is the nonuniform coefficient.

Yu et al. according to the calculation diagram of stress
distribution of surrounding rock during circular shaft ex-
cavation provided, the criterion for judging whether sur-
rounding rock enters a plastic state is introduced [34]:

0, =P[(1+1)—2(1-A)cos 26] >R, (3)

where R, is the uniaxial compressive strength of rock.

According to equation (3), if the tangential stress of the
surrounding rock is higher than the compressive strength of
the rock, the surrounding rock enters the plastic state.
Otherwise, the surrounding rock is in an elastic state. The
measured maximum horizontal principal stress and mini-
mum principal stress of Sha-ling gold mine at —1120 m are
35.9 MPa and 27.2 MPa, respectively, and the compressive
strength of surrounding rock is about 90 MPa. Thus, the
surrounding rock is in an elastic state after the vertical shaft
—1120m is excavated in the Sha-ling gold mine.

At present, there is no reasonable formula for deter-
mining the bearing capacity of the high-performance con-
crete shaft lining. The Von-Mises yield theory is adopted in
the design code of the mine chamber in China. Therefore,
based on the Von-Mises yield theory and thick-walled
cylinder theory, the formula for calculating the ultimate
bearing capacity of the high-performance concrete shaft
lining is obtained. The Von-Mises strength criteria are as
follows:

\/(‘71 ‘02)2 + (0, —‘73)2 +(0; _03)25 V2f., (4)

where o, is the first principal stress, o, is the second
principal stress, 03 is the third principal stress, and f, is the
axial compressive strength of concrete prism, MPa.

Assuming that the shaft lining is the homogeneous and
continuous isotropic material, the stress solution of the shaft
lining under the action of lateral pressure can be known
from the stress law of the thick-walled cylinder [35]:

2 2
Osr =_2bpoz(1_a2>’
b"-a r

b’p, a’ (5
(759 = _b2 _‘;2 (1 +r—2),

0., =v(0, +0y).
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where a is the radius of inner shaft lining, b is the radius of f (b2 _ a2)
. . . . c
external shaft lining, p, is the uniform external pressure on Po = (7)

the shaft lining, o, is the normal stress of shaft lining, o4 is
the circumferential stress shaft lining, o, is the vertical stress
shaft lining, » is Poisson’s ratio of concrete, and
Og > 05y > Ogp-

Substituting equation (5) into the Von-Mises strength
criterion equation (4), the stress of the concrete shaft lining
can be decomposed as follows:

fc(bz _az)
bPo =
v’ \/3a4/r4 +49” — v+ 1

(6)

Neglecting the stress concentration of high-performance
concrete, the shaft lining enters a plastic state at r = a.
Therefore, the ultimate stress of the concrete shaft lining can
be expressed as

b \/41/2 -4y +4

Poisson’s ratio of high-performance concrete is
0.14~0.23 [36]. Poisson’s ratio of high-performance concrete
in this study is 0.2, and its uniaxial compressive strength is
about 80 MPa. The radius of the inner shaft lining is
a=3.25m, the radius of the external shaft lining
isb = 3.65 m. Taking the above parameters into equation (7),
the ultimate stress of the HPC shaft lining in the Sha-ling
gold mine is 9.04 MPa.

During the monitoring period, the maximum stress at
the measuring point No. 3 of the shaft lining at -1117.7m
level is 1.91 MPa. Obviously, the compressive stress of high-
performance concrete shaft lining will not reach its limit
stress, and the high-performance concrete shaft lining can



meet the support needs of metal mines in the complex
environment of high in situ stress.

5.2. Stress Characteristics and Analysis of the HPC Shaft Lining
at —1120 m Ingate. The interaction stresses between shaft
lining and surrounding rock of the three measuring points at
a depth of —1120 m of the ingate vault as well as the left and
right arch shoulders are shown in Figure 10. The interaction
stresses between the shaft lining and the surrounding rock at
the three measuring points are tension stress which indicates
that the shaft lining and the surrounding rock at the three
measuring points of the ingate show the trend of tension or
shear movement. The interaction stress between the shaft
lining and surrounding rock of measuring point No. 4 is
0.61~1.73 MPa, the stress of measuring point No. 5 is
1.03~2.06 MPa, and the stress of measuring point No. 6 is
1.41~2.4 MPa.

The interaction stresses between the surrounding rock
and the shaft lining of the three measuring points of the
ingate’s high-performance concrete shaft lining are tension.
The analysis shows that it may be related to the distribution
of stress fields in the Sha-ling gold mine. The maximum
horizontal principal stress at —1120 m in the Sha-ling gold
mine is 34.09 MPa, and the vertical principal stress is
29.65 MPa, which is 1.15 times that of the vertical principal
stress. The maximum principal stress direction is near the
NW direction. Influenced by the distribution of the in situ
stress field in the Sha-ling gold mine construction area, the
three measuring points of the ingate vault and the left and
right shoulders were all subjected to tensile stress. The
opening of the ingate air intake shaft within the Sha-ling
gold mine is due south, and the angle with the direction of
the maximum principal stress is approximately 45°. The
vertical principal stresses at the arch and left and right
shoulders of the ingate are less than the maximum hori-
zontal principal stress. Therefore, the surrounding rock
stress of the ingate under the maximum horizontal principal
stress is higher than the surrounding rock stress under the
vertical principal stress. With the excavation of the shaft, the
surrounding rock at the vault and shoulder of the ingate is
broken. With the stress adjustment, the surrounding rock at
the vault and shoulder slips to both sides, and the acting
stress of the surrounding rock on the shaft lining is mainly
shear stress, causing the interaction stress between the shaft
lining and the surrounding rock to be the pulling stress.

5.3. Strain Variation and Analysis of the HPC Shaft Lining at
—1117.7m Level. Figures 8(a) and 8(b) are the strain vari-
ation of the HPC shaft lining at —1117.7 m level. The axial
concrete strain gauge at measuring point No. 2 and the
circumferential concrete strain gauge at measuring point
No. 3 are damaged, and no data was collected. Overall, the
concrete strains at the three measuring points of the HPC
shaft lining show a trend of first increasing and then sta-
bilizing. The strain change can be divided into three periods:
the rapid growth period, the slow growth period, and the
stable period.
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FiGure 10: Variations of the interaction stress between the hori-
zontal shaft lining and the surrounding rock at an ingate depth of
—1120 m.

In the first seven days after HPC pouring, the cir-
cumferential strain at measuring point No. 1 reaches 378
pe, which is 70% of the maximum strain during the
monitoring period, and the circumferential strain at point
No. 2 reaches —369 pe, which is 60% of the maximum
strain during the monitoring period. The axial strain of
measuring point No. 1 reaches 132 pe, which is 56% of its
maximum strain during the monitoring period. The axial
strain of measuring point No. 3 is —18 pe, which is 45% of
its maximum strain during the monitoring period. In the
first seven days after high-performance concrete pouring,
the strain growth rates of the three measuring points are
more than 45%, and the strain of high-performance
concrete is in the stage of a rapid period. After the casting
of the HPC, under the constraint of the surrounding rock,
the cementing material is hydrated. As the strength of
concrete increases, the constraints of the surrounding
rock increase leading to the fact that the strain of the
concrete increases rapidly.

From the 8th day to the 28th day after high-performance
concrete pouring, the strain growth rate of high-perfor-
mance concrete decreases obviously. The circumferential
strain of measuring point No. 1 increases from —378 ue to
—537 pe, increasing by 159 pe; the circumferential strain of
measuring point No. 2 increases from —369 pe to —588 pe,
increasing by 219 ue; the axial strain of measuring point No.
1 increases from —132 pe to —229 pe, increasing by 97 pe; and
the axial strain of measuring point No. 3 increases from —18
pe to =35 pe, increasing by 17 pe. From the 8th day to the
28th day after HPC pouring, the strain growth rate of HPC
slows down obviously. The analysis shows that the hydration
of high-performance concrete is basically completed in the
first 7 days after pouring, the stiffness and strength of
concrete are improved, and the deformation pressure of
surrounding rock on shaft lining decreases which leads to
the fact that the increasing trend of concrete strain slows
down.
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FIGURE 11: Strain variation of HPC for —1120 m ingate. (a) Circumferential strain of HPC for ingate. (b) Axial strain of HPC for ingate.

5.4. Strain Variation and Analysis of the HPC Shaft Lining at
—1120m Level. Figures 11(a) and 11(b) show the changes of
the circumferential and axial strain of HPC at an ingate
depth of —1120m. As seen from Figure 11, the circumfer-
ential strains of HPC at measuring points No. 4 and No. 5 of
the ingate are compressive, while the circumferential strain
of the concrete at measuring point 6 is tensile. The axial
strains of the HPC measuring points No. 4, 5, and 6 are all
compressive strains. The strain variation law at —1120 m the
HPC of the ingate is consistent with that of the —1117.7m
HPC shaft lining: the concrete strain increases rapidly from
the completion of casting to the 7th day after the casting. The
concrete strain increases slowly from the 8th day to the 28th
day after the casting. After 28 days, the concrete strain is
stable, and the strain does not change. Compared with the
strain change of the shaft linings concrete at —1117.7 m, the
strain growth rate at a depth of —1120 m ingate in the first 7
days is lower.

6. Discussion on the Application of the High-
Performance Concrete Shaft Lining

The low impact liability of HPC is reflected in the uniform
stress of the HPC shaft lining structure and the stable strain
change of the HPC. Under the influence of high in situ stress
and strong excavation disturbance, the stress of the HPC
shaft lining is uniform, which reduces the stress concen-
tration effect and cuts off the path of sudden energy release at
a certain point in the concrete under the action of a con-
centrated stress. The strain change of the HPC shaft lining is
stable, and there are no sharp strain increases or continuous
fluctuations, indicating that the ability to accumulate elastic
strain energy in HPC is poor.

The low impact liability of HPC shaft linings is related to
three factors: (1) there are no coarse aggregates in the HPC,
the concrete has good fluidity, and the scale of the internal
fabric interface decreases, increasing the compactness of the
concrete. (2) Steel fibers have a toughening effect on

concrete. When steel fiber is added to the HPC, the con-
crete’s ultimate stress and strain will increase. Simulta-
neously, the steel fibers are interwoven and bonded within
the shaft lining, which effectively prevents the expansion of
the cracks and slows down the development of microcracks
in the concrete [37]. The friction effect of the interface
between the fiber, the concrete, and the tension effect of the
fiber itself weakens the deformation energy storage of the
concrete. (3) The mixture of high-performance concrete
contains fly ash and mineral powder. The addition of fly ash
and mineral powder enhances the ability of concrete to resist
creep and the strain change of concrete is stable.

High-performance concrete has the advantages of high
strength, good durability, and small deformation. However,
high-performance concrete also has the disadvantages of
easy to appear surface cracks in the construction process and
high cost compared with ordinary concrete. At the same
time, with the increase of external temperature, the porosity
and pore diameter of HPC continues to increase, the internal
mesostructure deteriorates, and the compressive strength
decreases [38]. The high ground temperature environment
in deep strata also limits the wide application of the high-
performance concrete shaft lining.

7. Conclusions

In this study, the in situ stress of the Sha-ling gold mine is
measured and analyzed, the field application test of high-
performance concrete shaft lining is carried out, and the
strain variation law of high-performance concrete shaft
lining is analyzed. Combined with the distribution of in situ
stress and the change law of surrounding rock, the stress
change characteristics of the shaft lining are analyzed. The
conclusions are drawn:

(1) The maximum compressive stress of the HPC shaft
lining structure at the level of —1117.7 m of the air
intake shaft in the Sha-ling gold mine is 1.91 MPa,
and the compressive stress of the high-performance
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concrete shaft lining will not reach its limit stress.
The HPC shaft lining can meet the complex sup-
porting of the metal mine depth shaft in a coastal
area.

(2) The maximum tensile stress of the HPC shaft lining
at a depth of —1120 m of the ingate vault as well as the
left and right arch shoulders is 2.4 MPa, which is
influenced by the in situ stress distribution in the
Sha-ling gold mine. The surrounding rock of
—-1120m ingate is separated from the shaft lining
which results in tensile stress in the ingate vault as
well as the left and right arch shoulders.

(3) According to the measured strain data of the high-
performance concrete shaft lining at —1117.7 m level
and —1120 m ingate in Sha-ling gold mine, it can be
seen that the strain change can be divided into three
stages: the rapid growth period, the slow growth
period, and the stable period. The circumferential
strain growth rate of the HPC shaft lining is higher
than the axial strain growth rate.
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Based on the MEPDG method, the operation process of MEPDG was analyzed and the MEPDG correction method applied to the
remaining life prediction of airport pavement was obtained. According to the theory of structural reliability, the performance
function of airport pavement was obtained based on the limit state equation represented by flexural stress. Considering the
characteristics of airport cement concrete pavement design, the calculation formula of the number of allowable load actions was
obtained based on reliability by NCHRP126 fatigue equation without considering the temperature stress when the flexural fatigue
strength of pavement plate cement concrete was less than 1.25 times of the design strength. Based on the actual situation of local
civil airport runways in Henan Province, the proposed MEPDG correction method was used to analyze the flexural stress of the
actual operating airport runway pavement at 95% reliability level based on the mechanical numerical model of airport runway, and
the number of allowable load actions of three aircraft models was obtained. Given the impact of pass-to-coverage ratio P/C, the
cumulative damage factor CDF of the major aircraft models was calculated; the annual average growth rate of different aircraft
models in the airport pavement evaluation stage was obtained based on the trend extension method. According to the predicted
average annual cumulative damage, the remaining life of pavement was predicted. Compared with the actual conditions of the
airport, the remaining life predicted in this paper was consistent with the actual life, which verifies the effect of the prediction of
the remaining life of airport runway considering the impact of reliability and damage accumulation.

1. Introduction

In the mid-20th century, the airport management de-
partment for the airport runway only proposed “a pal-
liative rather than a cure” for the operation and
maintenance. In the early 10 years of the 21st century, the
airport management department cast away the passive
postmaintenance and adopted the preventive mainte-
nance, a more active maintenance, to reduce the fre-
quency of damage. Preventive maintenance is a time-
based maintenance, but it will cause runway maintenance
in an uneven manner: the consistent maintenance cycle
will lead to unnecessary maintenance in some pavements
but improper maintenance in other pavements. Also, the

preventive maintenance is up to the expertise of tech-
nicians and is the lack of data support.

Currently, predictive maintenance (PdM), which
emerges in many sectors, especially industry, is a typical way
of intelligent maintenance. As a data-driven maintenance
mode, it is an integration of sensor technology, signal
processing technology, reliability analysis, statistics, ma-
chine learning, and other methods for determining potential
diseases, which lays a foundation for a more reasonable and
effective maintenance plan [1] Remaining Service Life (RSL)
can be used by civil engineers to schedule maintenance
times, optimize operational efficiency, and avoid unplanned
stops. Therefore, predicting RSL should be prioritized in the
predictive maintenance.
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Therefore, in this paper, the remaining life prediction
method of the airport runway was analyzed. The operation
process of MEPDG was analyzed and summarized, and the
MEPDG correction method was applied to the remaining
life prediction of the airport runway. MEPDG provides
technical support for the maintenance decision of airport
runway and also provides reference for reasonable allocation
of limited operation and maintenance funds in the airport
management department [2].

2. Current Research Studies on the Remaining
Life Prediction of Airport Pavement

The input in the RSL prediction model is the state indicator
of airport runway. The features are taken from the moni-
toring sensor data or daily maintenance data, and behavior
changes with runway performance degradation or usage
state changes, but the changes can be predicted based on the
model. RSL prediction methods applied to predictive
maintenance can be divided into three categories: similarity
prediction, performance degradation model prediction, and
survival curve prediction methods.

At present, as a representative method, the similarity
prediction method is the constrained polynomial regression
model proposed by American scholar Shahin [3]. This model
is very practical. It has been incorporated into the Micro-
Paver system [4] and has been widely used in countries
around the world. In addition, the two-parameter nonlinear
model created by Chinese scholar Sun Lijun is widely used in
China [5]. At the same time, many researchers have studied
the similarity prediction methods [6-9].

To study the performance degradation model based on
the prediction method for the remaining life prediction of
airport runway, most scholars at home and abroad fit a
general fatigue equation using the site or laboratory data
from performance degradation equation of a linear or ex-
ponential function. Then, they use the fatigue equation as the
performance degradation model for predicting the future
performance degradation process of airport runway, to
further predict the remaining life of airport runway. For
example, Ji and Sheng [10] took the design program
FAARFIELD [11] as the analysis tool and predicted the
remaining life of pavement using data by FAARFIELD with
the back-calculated airport concrete pavement modulus as
the prediction index. Taking the cumulative damage as the
status indicator, Zhao et al. proposed the estimation method
for the remaining life of flexible airport pavement and
carried out case analysis [12].

Lytton applied the survival curve in highway engineering
[13]. According to Lytton, the survival curve is mostly used
for design of pavement maintenance and reconstruction
scheme in the road network. In the performance prediction
for a single section, the distribution function (i.e., survival
function) is used to conduct life analysis and prediction
based on preset pavement performance. Mishalani and
Madanat [14]; Yang et al. [15]; and Kobayashi et al. [16]
conducted a survival curve analysis according to the data of
pavement performance failure, cracks in reinforced concrete
bridge deck, and full cycle life cost of pavement and pointed
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out that the survival curve prediction analysis may be fea-
sible for pavement engineering.

Based on the above analysis, as the remaining life
prediction of airport pavement is quite complicated,
scholars at home and abroad used different methods to
predict the changes of pavement performance, or
established suitable statistical prediction models based on
the survey results of pavement performance. However,
most of the methods failed to take the actual maintenance
of pavement into consideration and the model only had
the theoretical significance rather than could be appli-
cable to the actual service pavement. Also, they failed to
consider the reliability of service pavement and the
impact of damage accumulation. In fact, there are many
factors that affect the service life of airport runways, such
as airport flight traffic loading, runway structural char-
acteristics, and the level of field maintenance technology,
all of which affect the remaining service life of runways.
Therefore, this paper proposes a prediction method that
can be used in practical engineering projects to address
the effects of airport flight traffic load, runway structural
characteristics, and maintenance technology level on the
remaining service life.

3. MEPDG Correction for the Remaining Life
Prediction of Airport Runway

3.1. Operation Process of MEPDG. Mechanistic-Empirical
Pavement Design Guide (MEPDG) aims to provide a design
and analysis method for newly built and repaired pavements
based on the mechanistic-empirical principle [17].

The design method in MEPDG includes three phases.
The first phase is to develop input values. The design re-
quirements objectives are identified, basic analysis is con-
ducted, and the characteristics data are taken as input,
including the data for pavement material, the characteristics
data of traffic, and the hourly climate data of weather station
(temperature, precipitation, solar radiation, cloud cover, and
wind speed). In the second phase, structural and perfor-
mance analysis is conducted. An initial test design value is
chosen and analyzed based on the relationship model be-
tween pavement response and damage (generally an ex-
pression over time). The output of the analysis is the
cumulative damage and flatness over time. Based on the
iteration, the predicted performance with the design indi-
cators of multiple predicted damages has been compared
until all the design indicators meet the specified reliability
requirements, and the required pavement can be obtained.
The third phase is to evaluate the structurally feasible al-
ternatives, such as engineering analysis and life cycle cost
analysis.

3.2. Flowchart of MEPDG Correction. Given the reliability of
runway, the pass-to-coverage ratio (P/C) of aircraft model,
and the cumulative damage of airport runway, MEPDG
correction was needed for predicting the remaining life of
airport runway. The flowchart of MEPDG correction is
shown in Figure 1.
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FIGURE 1: Flowchart of MEPDG correction for the remaining life prediction of airport runway.

3.3. Analysis of the Strength Reliability of the Cement Concrete —1.7136¢ + 4.284 e>1.25
of Airport Runway Pavement. According to the Specification Ig(N) = , (3)
for Design of Highway Cement Concrete Pavement, and based 2.812¢ 12214 e<1.25
on the structural characteristics of airport runway pavement,
its strength reliability was explained as follows: based on the f

s s et o —J1m ( 4)
specified time and conditions, the actual probability that e

pavement played a specific function was obtained, as shown
in the following formula [18]:

Pr = P(apr + Utf S.f‘['l'l‘l)’ (1)

where P, was the reliability achieved by the pavement; o,
meant the fatigue stress of the pavement plate under the
action of aircraft load (unit: MPa); o,, meant the flexural
stress of pavement plate caused by temperature; and f,,,
referred to the standard value of flexural-tensile strength of
cement concrete (unit: MPa).

The corresponding function was obtained based on the
limit state equation corresponding to the flexural-tensile
stress, which was shown in the following formula:

Z=fm —(op, + Uﬂ). (2)

In this paper, the strength reliability of cement concrete
of airport runway pavement needed to follow Formula (2).
As the temperature and fatigue stress of cement concrete
were closely related to the fatigue stress of aircraft load, the
interference theory had nothing to do with and cannot help
solve the strength reliability. In this paper, the control failure
mode was assumed to remain constant and then a reliability
analysis was conducted. According to the Specification for
Design of Highway Cement Concrete Pavement and based on
the different airport cement concrete pavement design and
the literature proposed by Cai [19], Ig (N) was obtained, as
shown in the following formula by NCHRP126 fatigue
equation:

- >
fem

where N was the number of coverages at 50% pavement plate
cracking, namely, the fatigue life of pavement plate; e re-
ferred to the stress ratio; f,,, was the flexural-tensile fatigue
strength of concrete; and f., meant the concrete design
strength of pavement.

To make the calculation procedure simple and easy to
use, the fatigue equation for temperature stress was not
considered in the analysis of fatigue life.

According to the design documents and the design
specifications, the flexural-tensile fatigue strength of the
concrete of pavement plate usually shall be less than 1.25 f_,
under aircraft load and temperature. The formula of f was
obtained by Formula (4), shown as follows:

2.812 0.8187
frm - fcm : (lg(—N)) .

By substituting Formula (5) into Formula (2), the per-
formance function Z was transformed into the following
formula:

(5)

0.8187
2.812
) o, (6)

Z = fcm : (lg(N)

3.4. Calculation Principle behind the Cumulative Damage of
Airport Runway. According to studies, aircraft wheel track
is almost distributed in a normal manner when the aircraft



takes off and lands. A pass of the aircraft wheel through the
maximum stress point on the pavement was called a cov-
erage. The ratio of the number of passes required to apply a
tull load on the pavement of unit area was expressed as the P/
C.

The statistical analysis was conducted on the distribution
data of measured aircraft track, and the number of coverages
was calculated based on the P/C of aircraft on the pavement.
Figure 2 (schematic diagram of the calculation of P/C) shows
the area between f (x) and x axis; that is, the number of
coverages during the actual operating of aircraft was equal to
I, and the area of W, was C,W,. Thus, the calculation for-
mula of the P/C of single-wheel aircraft was as follows [20]:
where P/C was the pass-to-coverage ratio; C, referred to the
track probability density of operating aircraft at x coordi-
nate; and W, meant the effective tire contact width of air-
craft, which was selected based on the design parameters of
aircraft.

p 1

cTew, 7

In the airport pavement design, Miners law is widely
used to show the linear cumulative fatigue damage, which
can be expressed by the cumulative damage factor (CDF). As
the fatigue life of pavement was expressed as the number of
allowable load action repetitions, the CDF stood for the
fatigue life for pavement that has been used [21]. It was equal
to the ratio of the current number of actual cumulative
actions on the pavement plate and the number of allowable
load action repetitions of the ith aircraft (the number of load
action repetitions till pavement damage).

4. Analysis on Engineering Application Case

This paper selected the civil Airport A’s runway in Henan for
the case study. This airport was the Chinese trunk transport
airport and a national first-class aviation port. In 2016, the
passenger throughput of the airport ranked the 15th among civil
airports in China. The airport was opened to traffic in 1997, and
its south flight area has been used for 22 years in 2017. The south
runway of the airport was 3,400 m long and 45 m wide, to grasp
the comprehensive situation of the pavement in the flight area
and learn about the basic information about the recent man-
agement and renovation plan of the area; the airport man-
agement department conducted comprehensive testing on the
pavement of runway, taxiway, and contact surfaces in the south
flight area of the airport in 2007, 2013, and 2017, respectively.
The department conducted comprehensive analyses of the field
test data to form a high-value database. According to the
remaining life prediction process of airport runway (shown in
Figure 1), the prediction for RSL of Airport A was established to
verify the feasibility and implementation effect of MEPDG
correction method.

4.1. Calculation on the Number of Allowable Load Actions
Based on the Strength Reliability of Airport Pavement Cement
Concrete. Based on the actual demands and according to the
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FIGURE 2: Schematic diagram of the calculation of P/C.
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statistics of Airport A in 2017, the statistical table of the
annual takeoft and landing sorties of operating aircraft at
Airport A is shown in Table 1. According to Table 1, when it
comes to the determination of aircraft load simulation,
Boeing B737-800, Airbus A320, and Boeing B737-700 were
taken into consideration in 2017.

According to the reliability calculation method under
Section 3.3, the distribution type and distribution param-
eters of each input variable need to be defined in the reli-
ability analysis model. Based on the literature proposed by
Zhang [22] and Gao [23], and given the actual conditions of
airport runway, the actual thickness of pavement plate, the
response modulus of base course, the flexural-tensile design
strength, and flexural-tensile modulus of surface course
concrete were determined as the random variables of airport
runway in this paper. The following showed the determi-
nation of the statistical properties of the random variables.

4.1.1. Determination on the Actual Thickness of Cement
Concrete Pavement Plate. The radar detection of pavement
was adopted to measure the thickness of surface layer of
south runway pavement. The radar detection results of
typical section are shown in Figure 3. The measured
thickness of surface course of south runway pavement is
shown in Table 2.

Based on Table 2, the measured thickness of surface layer
of both ends of south runway pavement exceeded 37.5 cm,
fully meeting the requirement for design thickness. Based on
this table, the mean thickness of surface layer of south
runway pavement was determined to be 38cm, and the
coeficient of variation was 0.03 in this paper.

4.1.2. Determination on the Modulus of Base Reaction.
This paper adopted an HWD for the detection around the
center of the plate. Based on the obtained HWD data and the
actual pavement structure, the modulus of subgrade reaction
was calculated. The back-calculated results are shown in
Table 3.
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TaBLE 1: Statistical table of the annual takeoff and landing sorties of operating aircraft of Airport A.

Aircraft Annual takeoff and landing sortie ~ Annual takeoff and landing ratio (%) Notes
B737-800 38121 51.40 Main model
A320 17425 23.50 Main model
B737-700 4223 5.70 Main model
A319 3493 4.70
B737-300 2135 2.90
A321 2004 2.70
ERJ-190 1679 2.30 Secondary models, with ratio less than 5%
B747-400 1211 1.60
MA60 870 1.20
Others 3064 4.10
Distance (m)
610 620 640

E

2

a

FIGURE 3: Radar detection results of typical section.
TaBLE 2: Comparison between the measured thickness of runway pavement surface layer and the design thickness.
. o Number of sample  Full-thickness mean  Standard deviation  Representative value =~ Design value
Section Position (m)
(pcs) (cm) (cm) (cm) (cm)
South 0-500m 500 3818 1.32 38.08 38
- 500-2900 m 2400 34.01 1.79 33.95 34
Y 2900-3400 m 500 38.06 1.7 37.93 38

TaBLE 3: Calculation table of the modulus of the subgrade reaction and the base reaction of south runway pavement.

Zone (m) Modulus of subgrade reaction (MN/

Equivalent thickness of base course

Modulus of base reaction (MN/

m>) (cm) m?)

0-500 58 48 104

Runway 500-2900 52 48 100
2900-3400 47 48 95

The pavement foundation comes from the compacted
pavement bed soil, and the pavement foundation modulus is
often affected by the material properties. It is worth noting that
the environmental factors directly affect the performance of the
pavement foundation, and the significant differences in soil
quality also directly affect varied characteristics of pavement
foundation. Considering the above factors and the variation
coefficient in the literature proposed by Li [24], the variation
coefficient of the modulus of base reaction was set as 0.3.

4.1.3. Determination on the Flexural Strength and the Elastic
Modulus of Airport Runway Cement Concrete. The sampling
scheme of pavement core was as follows: in the south runway,

a total of 18 core samples were drilled alternately every 180 m
along both sides of the centerline. The drilled cement concrete
core samples shall be subject to the splitting tensile strength
test according to the Technical Specification for Construction of
Cement Concrete Surface of Civil Airport. The test results of
the drilled cement concrete core samples are shown in Table 4.
The section structures of typical cement concrete core samples
after the test are shown in Figure 4.

According to Table 4, the mean of the flexural strength of
cement concrete of runway pavement surface course was
5.78 MPa, and the coeflicient of variation was 0.15; the mean
of the flexural elastic modulus was 38,537.77 MPa, and the
coefficient of variation was 0.09. Given the fact that the
airport pavement cement concrete has been used for nearly
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TaBLE 4: Tensile strength test results of the cement concrete core samples of runway pavement.

Core sample Test piece diameter (mm)/ Failure load

Splitting strength

Flexural strength  Flexural elastic modulus

no. height (mm) (kN) (MPa) (MPa) (MPa)
1# 147.5/203 139.807 2.97 4.82 34342.65
2% 147.5/198 161.641 3.52 5.59 37922.91
3% 147.5/199 197.105 4.27 6.62 42192.64
4# 147.5/201 175.513 3.77 5.93 39387.19
5# 147/301 211.352 3.04 4.92 34811.10
6% 147.5/299 279.592 4.04 6.3 40901.97
7# 147.5/302 202.168 2.89 4.71 33763.08
8#* 147/301 285.587 4.11 6.4 41302.77
9% 146.5/299 201.403 2.93 4.76 34027.75
10# 147/300 262.883 3.79 5.97 39539.02
11# 148/298 303.461 4.38 6.76 42743.19
12# 148/297 337.33 4.89 7.44 45241.95
13#* 148/301 324.969 4.64 712 44075.51
14# 147.5/298 307.293 4.45 6.86 43104.91
15# 148/298 283.163 4.09 6.37 41184.52
16# 147.5/300 236.735 3.41 543 37193.95
17#* 147.5/298 194.210 2.81 4.6 33220.36
18# 148/302 224.617 3.2 5.14 35868.57
Mean (MPa) 5.78 38537.77

Standard deviation (MPa) 0.84 3605.52
Representative value at 95% guarantee rate (MPa) 5.39 36897.26

Note. The 8 #, 13 #, and 17 # core samples were not completely split, so their data were discarded in this calculation.

FIGURE 4: Section structures of typical cement concrete core samples after the splitting tensile strength test. (a) Core sample # 7. (b) Core

sample # 12.

20years and for the sake of design safety, the mean of the
flexural strength of cement concrete of runway pavement
surface course was set as 4.50 MPa, and the coefficient of
variation took 0.15.

4.1.4. Number of Allowable Load Actions of the Cement
Concrete Runway of the Operating Airport. According to
the calculation method of reliability under Section 3.3

mentioned above, the distribution parameters of input
variables were defined. The thickness of surface course,
the strength and modulus of surface course, and the
modulus of base reaction were regarded as random var-
iables. Except for the distribution of the modulus of base
reaction which was in logarithmic normal distribution,
the other random variables tended to be in normal
distribution.
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The semirigid base of that airport runway pavement is
likely to crack and lead to the damage of the base. At the
same time, the coefficient of variation will increase. These
problems generally occur in the early stage of the runway.
Therefore, the random variables of runway were set
according to the actual detection values described above.
Based on the literature proposed by Guo [25] and Gao [26],
the appropriate interval for coefficient of variation was set;
the scientific and effective quality control was generally
made on the surface course during construction; the base
showed significant deformation. The mean and coeflicient of
variation of the random variables are shown in Table 5.

Take the load of twin-wheel B737-800 as an example. The
load was distributed in the middle of the cross-seam edge of
pavement plate because of the spacing of wheels. Based on
the target reliability of IL, III, and IV airports in the literature
proposed by Li [27], the target reliability was set to 95%. By
inputting the target reliability into the numerical analysis
program, the allowable action times of B737-800 aircraft
acting on the pavement were calculated. The specific results
are as follows.

In general, the response surface method for reliability
analysis does not experience many cycles and can be ana-
lyzed in low probability. The fitting coefficient can represent
the approximation between the actual response values, and
can inform the users to update the definition parameters
with the poor effect of the fitting of approximate function, so
it is ideal for parallel processing. Thus, when calculating
reliability, this paper used the Box-Behnken matrix sam-
pling of response surface method for analyzing probability
[28]. The precision test of response surface followed the
formula as [29]

R2 — Z?:l (5/1 _7)2, (8)
i (- 7)2

where 7; was the calculation value of response surface
model; y; referred to the true value (calculation result of
finite element analysis); and y was the average value cor-
responding to true value. R* ranged from 0-1. If R* was large,
the regression model will be more fit with the actual case.

Based on the square response surface regression results,
the comparison between the response surface estimation
value and the finite element true value was made, as shown
in Figure 5. As can be seen from Figure 5, except for the
individual data points, the other data points were distributed
near the 45° line, which indicated that there was good fitting
between the response surface estimation value and the finite
element true value.

For the response surface functions that have been fitted,
the Monte-Carlo method was used for 10,000 times of
sampling and a series of performance function corre-
sponding to the sampling value distribution diagram was
obtained (see Figures 6 and 7 for details). Due to the limited
space, the following only listed the figure of performance
functions during the B738 load action.

As can be seen from Figures 6 and 7, sampling based on
the response surface function will achieve excellent con-
vergence. Thus, the number of samples was set to 10* to meet

the preproposed reliability standard. At this point, the failure
probability reached P, = 5.412 X 1072, and z at 95% target
reliability was 0.476 Mpa. By substituting it into Formula (5),
the number (N) of allowable load actions of B738 meeting
95% target reliability was 133,195. Similarly, 4,175,184 times
of allowable load actions of A320 and 477,806 times of al-
lowable load actions of B737-700 met 95% target reliability,
respectively.

4.2. Calculation of Airport Pavement CDF and the RSL Pre-
diction Based on P/C. As mentioned above, the B737-800,
A320, and B737-700 were the major aircraft of Airport A
since the calculation of CDF needed the number of cov-
erages of aircraft loads, which must be converted through
the takeoff and landing sorties of different aircraft by means
of P/C. So, separate calculation was required for the major
aircraft of Airport A. Because the runway cumulative
damage factor CDF is calculated based on the number of
aircraft load coverage, and the number of aircraft load
coverage needs to be converted by the number of takeoff and
landing sorties of different aircraft types through the P/C of
traffic coverage, it needs to be calculated for the main aircraft
types of Airport A, respectively.

Based on the theoretical analysis under Section 3.4 afore-
mentioned, given the B738 parameters, the main landing gear
spacing of single-wheel B738 was set to T}y, and then the wheel
track status of its left and right wheels was determined. If Ty,
was less than or equal to the passage width of aircraft pavement,
the tracks of the left and right wheels did not coincide. In this
process, the main landing gear spacing was 5.72 m, the wheel
spacing was set to 0.86m, and the standard deviation in the x
direction took 0.775m according to the data from Federal
Aviation Administration (2012). The distribution function for
the wheel track curve of the main landing gear spacing of B738
was as follows:

— 1/2(x+3.29/0.775)? 1

o 1/2(x+2.43/0.775)*
0.775+2m '

F(x)=—7me
(=) 0.775V2m

(9)

Through calculation, when x=2.86m, the maximum
function value was 0.8827, the wheelmark width reached
0.296 m, and the P/C was about 3.83 based on Formula (7).

According to the above methods, the P/C of A320 and
B737-700 was calculated and the results are summarized in
Table 6. According to the number of allowable load actions
for various aircraft calculated under Section 4.1, the CDF of
the major aircraft can be calculated based on the actual traffic
volume of Airport A in 2017, as shown in Table 6.

In this paper, the annual average growth rate of different
aircraft models in the airport pavement evaluation stage was
0.20 based on trend extension method. In this way, the number
of annual aircraft operations in future can be estimated and the
cumulative pavement damage can be calculated (see Table 7 for
details). Given the predicted average annual cumulative damage
of 0.2568 and the remaining fatigue strength of 0.2958, the
remaining life of pavement was predicted to be 0.2958/
0.2568=1.15 years. The Airport A has been shut down for
maintenance and renovation in 2019, which was consistent with
the remaining life predicted in this paper.
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TABLE 5: Mean and coefficient of variation of the random variables.

Random variable Surface thickness Flexural strength Modulus of surface course Modulus of base reaction

Mean 0.38 m 4.5 MPa 38.54 GPa 100 MPa
Coeflicient of variation 0.03 0.15 0.09 0.3
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FiGure 5: Comparison between the response surface estimation value and the finite element true value (B738).
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FIGURE 6: Sampling value distribution diagram of performance function Z (B738).
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Performance function Z (Pa)

MEAN  0.23951E+06
STDEV  0.14720E+06
SKEW  -0.11348E+00
KURT  -0.23198E+04
MIN -0.37211E+06
MAX 0.75540E+06

Ficure 7: Cumulative probability distribution diagram of performance function Z at 95% reliability level (B738).

TaBLE 6: Summary on the P/C and CDF of different aircraft.

Airplane B737-800 A320 B737-700
Tire contact width W, (m) 0.296 0.235 0.287
Value of x 2.86 3.8 2.86
Maximum probability function value F (x) 0.8827 0.9071 0.8827
Pass-to-coverage ratio P/C 3.83 4.69 3.95
Number of allowable load actions 133195 4175184 477806
Number of actual cumulative coverages 91584 34186 9837
CDF 0.6876 0.0082 0.0085
Sum of cumulative fatigue consumption of each model ) CDF 0.7042

Remaining fatigue strength of pavement 0.2958

TaBLE 7: Prediction for the annual average cumulative damage of different aircraft models.

Airplane B737-800 A320 B737-700
Number of annual average operations in future 125737 57474 13929
Pass-to-coverage ratio P/C 3.83 4.69 3.95
Number of annual repeated actions 32830 12255 3526
Maximum number of allowable actions 286719 96762 1162864
Fatigue consumption 0.2465 0.0029 0.0074
Sum of the fatigue consumption of each model 0.2568

Note. The data in the table were those predicted of an airport in 2017.
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5. Conclusions

In this paper, the remaining life prediction method of
airport runway was analyzed. The operation process of
MEPDG was analyzed and summarized, and the MEPDG
correction method was applied to the remaining life
prediction of the airport runway. Since the airport
runway was different from the expressway, the reliability
calculation method of finite element numerical analysis
was used to deal with the design stress of pavement plate
edge that met 95% target reliability. The remaining life of
airport runway was analyzed based on the actual data
from the MEPDG correction method. The main con-
clusions were as follows:

(1) According to the theory of structural reliability,
the performance function of airport pavement was
obtained based on the limit state equation rep-
resented by flexural stress; the calculation formula
of the number of allowable load actions can be
obtained based on reliability by NCHRP126 fa-
tigue equation without considering the tempera-
ture stress when the flexural fatigue strength of
pavement plate cement concrete was less than

1.25f,,,.

(2) This paper selected a runway of the civil airport in
Henan as the application case and adopted the
MEPDG correction method. The flexural stress of the
actual operating airport runway pavement at 95%
reliability level was analyzed based on the me-
chanical numerical model of airport runway, and the
number of allowable load actions of three aircraft
models was obtained; given the impact of P/C, the
CDF of the major aircraft models was calculated; the
annual average growth rate of different aircraft
models in the airport pavement evaluation stage was
0.20 obtained based on the trend extension method.
In this way, the number of annual aircraft operations
in future can be estimated and the cumulative
pavement damage could be calculated. Given the
predicted average annual cumulative damage of
0.2568 and the remaining fatigue strength of 0.2958,
the remaining life of pavement was predicted to be
1.15 years. Airport A has been shut down for
maintenance and renovation in 2019, which was
consistent with the remaining life predicted in this

paper.
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