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When building tunnels in karst areas, the hidden high-pressure water-bearing karst caves are prone to cause geological disasters
such as water inrush and mud gushing. In order to study the disaster process of water and mud resistant rock mass with the quasi-
masonry structure and the accompanying catastrophe information of water inrush in karst tunnels by the drilling and blasting
method, a new method based on the DEM and fictitious joint technology is adopted to simulate the evolution process of water
inrush and study the evolutionary characteristics of catastrophe information like seepage pressure and displacement under the
conditions of different joint inclination angles, tunnel depths, and thickness of the water and mud resistant rock mass. The
research results show that (1) the seepage pressure and displacement in the water and mud resistant rock mass decrease and
increase respectively along the water and mud resistant rock mass from top to bottom in the process of water inrush. (2) The
displacement and seepage pressure in the water and mud-resistant rock mass increases with the increase of the joint inclination
angle. The greater the tunnel depth and thickness of the water and mud-resistant rock mass, the faster the propagation speed of the
fissure zone. (3) With the increase of the water and mud-resistant rock mass thickness, the failure mode of the tunnel outburst
layer structure gradually changes from the overall collapse to the partial collapse of the vault to form a relatively stable slump arch.

The research results can provide some guidance for tunnel construction in the karst tunnel.

1. Introduction

Karst geomorphology accounts for about 15% of the global
area and is one of the most frequent adverse geological in the
construction of underground transportation, water con-
servancy tunnels, and mine roadways and it is also a thorny
problem faced by the world’s engineers [1, 2]. As an im-
portant part of the traffic road network, tunnel projects often
encounter various karst geological disasters during the
construction of karst areas due to complex engineering
geology and hydrogeology, development of karst disaster-
causing structures, and active groundwater. The water in-
rush is one of the most common and extremely destructive
geological disasters [3, 4]. Hundreds of water inrush acci-
dents have occurred in China during the past few years,
which have caused serious economic loss, engineer

casualties, and environmental disruption [5-11] (see Fig-
ure 1). During the construction of the Maluqing tunnel of
the Yichang-Wanzhou railway, 19 serious water and mud
inrush disasters occurred one after another, and the in-
stantaneous water inrush reached the highest level of railway
construction in the world. Only two extraordinarily serious
disasters occurred on January 21, 2006, and April 11, 2008,
resulting in 15 deaths [12]. During the construction of the
Yesanguan Tunnel, there was a sudden influx of water and
mud, and the water inflow was about 5x10*m’/h. The
disaster-caused 52 constructors to be trapped, many pieces
of equipment washed, and 10 people dead [12]. When the
construction mileage of the Telmo Tunnel for the Chengdu-
Kunming railway capacity expansion and reconstruction
project reached DK274 + 580, several water inrush disasters
occurred on the tunnel face, which caused project shutdown


mailto:48084108@qq.com
https://orcid.org/0000-0002-0093-7923
https://orcid.org/0000-0001-9460-1728
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/9228569

uelongmen tunnel
s

Baiyun tunnel

Extremely serious karst area

Serious karst area

Moderate karst area \
Slight karst area

No karst area /

Advances in Civil Engineering

Tunnel inundation

Personal casualt;

round :oll;;e

FIGURre 1: The typical water inrush accidents of karst tunnels and their effects in China.

and delay [13]. The main reason for the above disasters is
that the research on the water inrush mechanism in karst
tunnels drops behind the development of production
practice. Therefore, it is of great significance to carry out
relevant research about the evolution process and catas-
trophe evolution information characteristics of water inrush
for prevention and control of water inrush in karst tunnel.

Water inrush in karst tunnels is a destabilizing process of
outburst-proof rock mass under the coupled influence of
multiple factors and is conditions and triggered by exca-
vation disturbance. At present, many scholars have done a
lot of research on the mechanism and the information
characteristics of water inrush through theoretical analysis,
model tests, and numerical simulation. In the field of the-
oretical analysis, Li et al. [14] deduced the critical water
pressure of cracks that occurred through compression shear
expansion failure under the action of explosion stress waves.
Xu et al. [15] used slice synthetic and elastic mechanics
theory to analyze the mechanical properties of filled karst
caves located at the top, bottom, and sides of the tunnel and
deduced the minimum safe thickness formula of water and
mud resistant rock mass. Fu et al. [16] deduced the formula
for calculating the minimum safe thickness of the karst cave
below the excavation tunnel. Guo et al. [17] used a theo-
retical analysis method to study the stability of the outburst
prevention rock mass between the tunnel and the latent
cavity. The above instability criterion based on theoretical
analysis can only be used to judge the rock stability in the
final stage of the water inrush of karst tunnels. The water
inrush in a tunnel involves crack initiation, expansion, and
penetration, which is a highly nonlinear problem in
mathematics. The model test can accurately simulate the

rupture and instability processes of the outburst-preventing
rock mass and truly reproduce the evolution process of water
inrush. In the field of the model test, Li et al. [18] conducted a
model test to discuss the influence of in-situ stress, water
pressure, and the thickness of water and mud-resistant rock
mass on the water inrush in karst tunnels. Kirsch [19] and
Idinger et al. [20] studied the stability of tunnel faces through
physical model tests. Huang et al. [21] carried out a model
test to study the influence of excavation disturbance and
aquifer thickness on the seepage failure of the intact water
and mud-resistant rock mass. Due to the limitation of
measuring elements number and their function, it is im-
possible to obtain enough macro information about the
water inrush and it is also unable to grasp the meson in-
formation such as crack initiation, crack propagation, and
the complex interaction process between water and rock.
While the numerical simulation method could solve the
above problems, and it has the function of visualizing the
rupture process of outburst-proof rock.

At present, many scholars have used the numerical
simulation method to study water inrush. Liu et al. [22] used
the finite difference numerical calculation program to an-
alyze the evolution law of the plastic zone, displacement
field, and seepage field of the rock mass when the tunnel
excavation approached the upper and lower lateral karst
pipes. Zhao et al. [23] used the finite element numerical
calculation method to study the influence of cavity sizes and
the distances between the cavity at the top and the tunnel on
the stability of surrounding rock. Qin et al. [24] used
FLAC3D to analyze the distribution of releasable elastic
strain energy and failure zone under different hidden cave
widths. Lei [25] used a three-dimensional finite difference
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program to simulate and analyze the influence of a water-
filled hidden cave at the top on the stability of surrounding
rock and established a mathematical model for predicting
the minimum safe thickness between the cave and the tunnel
through multiple regression analysis. Most of the above
numerical simulations regard the outburst-proof rock as a
porous continuous medium and do not consider the impact
of tunnel blasting excavation. It also cannot simulate the
formation, expansion, and penetration process of the
seepage channel and the collapse process of surrounding
rock. The discrete element method has obvious advantages
in simulating the fracture process of rock mass, and it has
been widely used in the field of civil engineering.

In view of this, this paper uses a new method based on
the DEM considering the structural characteristics of water
and mud resistant rock mass and explosive load in drilling
and blasting method. This method is employed to simulate
the process of water inrush in karst tunnel and reveals the
influence law of joint dip angle, tunnel depth, and the
thickness of water and mud resistant rock mass on the
catastrophe characteristics of water inrush in karst tunnel.
Moreover, the evolution characteristics of catastrophe in-
formation, including water pressure and displacement, were
analyzed. The research results had great significance for early
warning and prevention of water inrush in karst tunnel.

2. The Fluid-Structure Interaction Theory and
Calculation Model Based on DEM

2.1. Numerical Solution Method

2.1.1. Motion Equation of Deformed Block. In the discrete
element, the rock mass is divided into multiple deformable
blocks by joints, and the deformable block is discretized into
multiple constant-strain triangular elements by the grid, and
the movement and deformation of the entire rock mass are
reflected by the movement of the cell points [26].
(1) The equation of motion at cell point i:
=Zfi+fp+fb+ (1)
m

i i

e $loden)]
1 k=1 1

=1

fy= 2(pCp)vn, (2)

K + 4G/3
C,= ;/,
\

where y; is the displacement of the cell point; m is the
concentrated mass assigned to the cell point; g; is the ac-
celeration of gravity; M is the number of elements connected
to node I; N is the number of element nodes; #¥ is the unit
normal vector of the k-th edge in the element; AIF is the
length of the k-th edge in the element; d is the thickness of
the element; As* is the element area; 0;; is the element stress;
f¢ is the contact force between the blocks. f, is the water
pressure; f, is the blasting load; p is the medium density; v,
is the longitudinal wave velocity; C, is the normal velocity of

the input particle; K is bulk modulus; and G is the shear
modulus.

2.1.2. Laws of Fluid Motion. Assuming that the joints and
fissures are smooth walls, the fluid flow in the joints and
fissures follows Darcy’s law [27]:

a; = ~k(p - psxr9;); (3)

where k is the rock mobility coefficient; p; is the fluid
density; g; is the components of the gravity vector.

2.1.3. Simulation Principle of Fracture Seepage

(1) Influence of Stress Field on Seepage Field. Discrete element
numerical analysis can analyze the flow of fluid in the fis-
sures of the impermeable block system. It is assumed that in
the process of fluid flowing in the fissures, the rock mass is an
impermeable material, and the fluid affects the displacement
of the rock mass and changes the normal displacement of the
block, thereby affecting the joint width affects the perme-
ability of the jointed rock mass, namely [27]:

a=ay+y, (4)

(2) Influence of Seepage Field on Stress Field. The change of
the pressure of the fluid in the joint on the joint wall causes
the change in the stress state of the rock mass, and finally
affects the deformation of the fractured rock mass. The
osmotic pressure increase caused by the confluence of the
fluid at a point is [27]:

k
Aq = 7‘“ (QAt — AV), (5)
where k,, is the bulk modulus of the fluid; Q is the total flow
of the fluid entering the node; AV is the volume change.
After deformation, the fluid penetration pressure and
penetration force (see Figure 2) are as follows:

AV

At
P = Do +ka7_kw_

v (6)

F, = pn,L, (7)

where F; is the seepage force of the joint and fissure; L is the
length of the joint and fissure; and V,, is the mean volume.
Substitute formula (7) into the f; in formula (2), the dis-
placement of the grid point under the influence of seepage
pressure can be calculated, and the effect of the seepage
pressure on the stress can be calculated.

2.2. Computation Model of Discrete Element Numerical

2.2.1. Water and Mud Resistant Rock Mass with the Quasi-
Masonry Structure. The karst geological conditions are
extremely complex. However, most of the existing numerical
simulations assume that the karst strata are continuous
homogeneous materials, and the influence of blasting,
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FiGure 2: Effect of seepage pressure on stress field. (a) The effect of fluid on the block. (b) Increase in block seepage pressure.
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FIGURE 3: Sketch of the quasi-masonry structure of water and mud-resistant rock mass and water inrush process. (a) Crack initiation is
induced by blasting excavation and hydraulic pressure. (b) Crack dilation in the surrounding rock. (c) Crack network and leakage. (d) Water

inrush.

excavation disturbance, structural characteristics of rock
mass, and discontinuous surfaces such as bedding, joints,
and fissures are ignored [3, 4, 28, 29]. In fact, the rock in
karst strata has an obvious bedding structure such as foliated
rock, and there is a set of joints orthogonal to the bedding, as
shown in Figure 3. The left side of Figure 3 shows the
structural characteristics of limestone in the karst area and
the spatial relationship between karst water cavities and
tunnels. The right side of Figure 3 is a schematic diagram of
the water inrush disaster process of the karst tunnel under
the disturbance of blasting excavation. As shown in Figure 3,
the process of water inrush disaster is the result of the
initiation, expansion, and penetration of the initial dis-
continuity under the combined action of blasting excavation
and karst water pressure. Moreover, most of the existing
studies simplify the karst shape into circular (two-dimen-
sional) or spherical (three-dimensional) holes, which are far
from the actual karst shape. So, in order to better simulate
and analyze the dynamic evolution process of information
characteristics, this paper uses the discrete element software
that can consider the blasting excavation effect and crack
development, simplify the karst cavity into an ellipse, and
perform a series of numerical simulations about karst tunnel
water inrush implements.

2.2.2. Numerical Model and Boundary Conditions. The
calculation size of the model is 80 m x 80 m, the cross-sec-
tion of the tunnel is a three-centered circle, the height of the
tunnel is 9.5m, the tunnel span is 8.5m, and the tunnel
depth is 500m. The hidden cavity above the tunnel is
simplified to an ellipse with a 20 m long axis and a 12 m short
axis, and the thickness of the outburst prevention layer
between the tunnel and the cavity is 3 m. The thickness of the
layered rock mass is 1 m, with a total of 80 layers (as shown
in Figure 4).

According to the tunnel depth, the weight of the
overlying rock is converted into a vertical uniform load and
applied to the top boundary of the model. The left, right, and
upper boundaries of the model are stress boundaries, and the
values are kqy+yh, kqo+yh, and kqo, respectively. The
bottom boundaries of the model are set as fixed boundaries.
The karst water pressure is 1 MPa and the lateral pressure
coefficient (k) is 1.2, as shown in Figure 5. The mechanical
properties of the numerical model are determined by the
mechanical parameters of the blocks and the mechanical
properties of the joints between the blocks. Since the block
material is regarded as a large number of deformed
microblocks, in order to balance the accuracy of the cal-
culation. Therefore, the Mohr-Coulomb model (The
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FIGURE 5: Boundary conditions and measuring points
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TaBLE 1: Block and joint mechanical parameters in numerical simulation [32].

Material Unit weight Elastic bulk modulus Poisson’s ratio Friction angle Cohesion (MPa) Normal stiffness Tangential stiffness

24 kN/m?®

Block
Joint

30 GPa

0.25

35°
33°

0.8
0.5

180 GPa/m

144 GPa/m

cons =2) is used for the water and mud-resistant rock mass
in the tunnel face; the Coulomb sliding model (The
jeons=1) is used for the layered joints. The mechanical
parameters of the blocks and joints in the model are shown
in Table 1. Nine measuring points were set up to obtain the
variation law of displacement and water pressure in the
water and mud-resistant rock mass under the action of
blasting excavation and high karst water pressure, as shown
in Figure 5. In the process of dynamic calculation, the model
boundary is a nonreflective boundary. According to the
research literature [30, 31], the blasting load curve is tri-
angular, and the peak value of the equivalent blasting load is
30 MPa. The load rise time is 0.009s, and the positive
pressure action time is 0.04s.

2.2.3. Numerical Simulation Scheme. According to the
existing research [33-35], the layered joints angle, the tunnel
depth, and the outburst prevention rock thickness have an
important impact on the stability of the surrounding rock in
karst tunnels. Therefore, this paper designs the simulation
scheme shown in Table 2 to study the influence of these

influencing factors on the catastrophic mechanism of water
inrush in karst tunnel.

3. Simulation Results and Discussion

3.1. Catastrophe Information of Water Inrush in Karst Tunnel
under Different Joint Inclination Angles

3.1.1. Evolution Characteristics of Displacement under Dif-
ferent Joint Inclination Angles. Figure 6 is the evolution
process of the displacement values of the water and mud
resistant rock mass under the conditions that the tunnel
depth is 500 m, the thickness of water and mud resistant rock
mass is 3 m, and the joint inclination angles are 0°, 15°, and
30°, respectively.

Under the continuous action of blasting load, the water
and mud-resistant rock masses located at different joint
inclination angles have different degrees of displacement.
When the inclination angle of the joint is 0°, the surrounding
rock of the tunnel is in a stable state as a whole, and the
vertical displacement of the water and mud-resistant rock
mass is relatively small (At t=7s, the displacement is
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TaBLE 2: Numerical calculation scheme.

Influencing factors

Number
T . o . .
Joint inclination (°) Tunnel depth (m) The thickness of water and mud-resistant rock mass (m)
1 0 500 3
2 15 500 3
3 30 500 3
4 15 200 3
5 15 500 3
6 15 800 3
7 15 500 2
8 15 500 3
9 15 500 4
The vertical
displacement
contour The vertical The vertical
-1.800E-01 displacement displacement
contour Karst water
~L600E-01 Karst water contour Karst water
-1.400E-01 -3.000E-01 -3.000E-01
-1.200E-01 ~2500E-01 -2.500E-01
~1.000E-01 ~2.000E-01 2.000E-01
-8.000E-02 +1:500E-01 ~1.500E-01
-6.000E-02 ~1.000E-01 -1.000E-01
-4.000E-02 -5-000E-02 -5.000E-02
~2,000E-02 0.000E+00 0.000E+00
0.000E+00
(b) (c)
The vertical
displacement
contour i Th tical
-8.000E-01 Karst water 'ljhe vertical Karst water di elver -
5 displacement isplacement Karst water
-7.000E-01 contour contour
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FiGure 6: Continued.
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F1Gure 6: Evolution characteristics of displacement under different joint inclination angles. (a) t=1s, 8=0". (b) t=1s, 0=15". (c) t=1s5,
0=30". (d) t=3s,0=0". (e) t=3s, 0=15". (f) t=3s, 0=30". (g) t=5s,0=0" (h) t=5s, 0=15". (i) t=5s, 0=30". (j) t=7s, 0=0°. (k) t=

7s,0=15". (1) t=7s, 0=230".

—0.34 m; the negative sign indicates that the displacement is
vertically downward in the y-direction). However, as the
inclination angle of the joints increased to 15° and 30°, the
fracture degree and vertical displacement in the water and
mud-resistant rock mass increased significantly (At t=7s,
the displacements are —0.56 m and —0.64 m, an increase of
64.7% and 88.2%, respectively). The reason is that the in-
crease of the inclination angle of the joints reduces the
stability of the surrounding rock. Under the combined ac-
tion of blasting and excavation disturbance and joint in-
clination, the stress stored in the surrounding rock is further
released, and the cracks in the rock stratum rapidly sprout
and expand, resulting in further expansion of the damaged
area. Especially when the inclination angle of the joint is 30°,
there are obvious blocks falling off, and the number and
connectivity of the cracks in the water and mud-resistant
rock mass increase rapidly, which makes the instability of the
water and mud-resistant rock mass rapidly increase.
Therefore, the higher the inclination angle of the joints, the
more unstable the water and mud resistant rock mass is, and
the more significant the effects of blasting load are, the more
serious the fracture of the water and mud resistant rock mass
is, the weaker the antioutburst ability, and the more prone to
water inrush in the tunnel.

Figure 7 shows the evolution process of the vertical
displacement of each measuring point in the water and mud-
resistant rock mass. Comparing the vertical displacement of
each measuring point at the same joint inclination angle, it
can be seen that the displacement change values increase
significantly with the increase of blasting action time, and
the displacement change values of the measuring points that
are close to the tunnel excavation surface are significantly
higher those that of other measuring points. Taking the joint
inclination angle 6 =15" and selecting the measuring points
n;-ng on HL; as an example, when the blasting load action
time t=1s, the y-direction displacement values are
—0.025m, —0.223 m, —0.179 m (the negative sign indicates
that the displacement is vertically downward in the y-di-
rection); when the blasting load action time t=5s, the y-
direction displacements values are —0.284m, —0.489 m,
-0.463 m. With the continuous action of the blast stress
wave, the cracks in the water and mud-resistant rock mass

quickly initiate, expand, and penetrate each other, which
makes the displacement of the measuring point on the side
close to the tunnel profile increase significantly. At the same
time, the displacement of #3 on the measuring surface HL; is
higher than that of n; or ne, and correspondingly, the vertical
displacement growth of #; and ns on HL; and HL, is higher.
This shows that the degree of fragmentation at the vault of
the tunnel is relatively serious during the blasting excavation
process.

3.1.2. Evolution Characteristics of Seepage Pressure under
Different Joint Inclination Angles. Figure 8 shows the evo-
lution characteristics of seepage pressure value of the water
and mud resistant rock mass under different joint inclina-
tion angles when the tunnel depth is 500 m, the thickness of
water and mud resistant rock mass is 3m. The joint incli-
nation angles of the three columns in Figure 8 are 0°, 15°, and
30°, respectively.

It can be seen from Figure 8 that with the continuous
increase of the inclination angle of the joints, the seepage
area and the expansion degree of the cracks in the water and
mud-resistant rock mass increase significantly under the
continuous action of the blasting load. Before the tunnel is
excavated, a stable seepage field has been formed near the
cavity. The blasting and unloading of the surrounding rock
induce significant changes in the seepage field, especially in
the water and mud-resistant rock mass between the cavern
and the tunnel. When the inclination angle of the joint is 0°,
under the dual action of karst water pressure and blasting
excavation disturbance, relatively few cracks are generated in
the upper and middle parts of the water and mud-resistant
rock mass, and the cracks do not extend to the tunnel vault,
and the macro water inrush channel is not formed (t=7s).
With the continuous increase of the inclination angle of the
joints, under the influence of the explosion stress wave, the
seepage damage of the rock mass is gradually intensified, and
the surrounding rock continues to have crack initiation and
expansion (6 =15, t=7s). When the inclination angle of the
joint increases to 30°, the stability of the water and mud-
resistant rock mass is further reduced. Under the continuous
action of the blasting load, its internal cracks rapidly expand
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FIGURE 7: Evolution characteristics of displacement in the measuring points. (a) t=1s. (b) t=3s. (c) t=5s.
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FiGgure 8: Continued.
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F1GURE 8: Evolution characteristics of seepage pressure under different joint inclination angles.(a) t=1s, 8=0°. (b) t=1s,0=15". (c) t=1s5,
0=30". (d) t=3s, 0=0". (e) t=3s, 0=15". (f) t=3s, =30". (g) t=5s, 0=0". (h) t=5s, 0=15". (i) t=5s, =30". (j) t=7s, 0=0". (k) t=

7s,0=15". (1) t=7s, 0=230".

and penetrate to form a macroscopic water inrush channel;
the rapid inflow of karst water into the tunnel further de-
stabilizes the water and mud-resistant rock mass; and the
water inrush disaster occurs in the karst tunnel (¢=7s).
Therefore, the higher the inclination angle of the rock joints
is, under the combined action of the continuous disturbance
of blasting excavation and the karst water pressure, the
primary fissures in the water and mud-resistant rock mass
are easy to develop and penetrate, thus forming the water
inrush channel.

Figure 9 shows the evolution process of seepage water
pressure at each measuring point in the water and mud-
resistant rock mass under different joint dip angles. Under
the dual action of blasting and excavation disturbance and
karst water pressure, the seepage pressure for each mea-
suring point in the water and mud resistant rock mass
gradually increased and showed a decreasing trend from top
to bottom along the water and mud resistant rock mass.
Since the measuring surface HL, is close to the karst cavity,
the seepage pressures of the n;-1n; measuring points quickly
reach the karst water pressure of 1 MPa (0= 0°, 15°, and 30°).
Under the continuous action of the blasting load, the fissures
in the water and mud-resistant rock mass gradually expand
and penetrate, and the karst water gradually penetrates the
fissures under the action of hydraulic pressure. When the
seepage pressure exceeds the critical fracture pressure of the
fracture, the fracture begins to initiate and expand, and these
fractures can extend to the n;~mns measuring points.
Therefore, no matter whether the joint inclination angle is 0°,
15°, or 307, it can be seen from Figure 8 that the seepage

pressure values of the measuring points #n; ~ ng are much
higher than the seepage pressure values of n;~ng at the
bottom of the water and mud-resistant rock mass. When the
inclination of the joint is 0°, the water pressure of n,-ng is
0.12MPa, 0.10 MPa, and 0.19 MPa, respectively (at t=3s);
When the inclination of the joint is 0°, the water pressure of
ny-ng is 0.64 MPa, 0.45MPa, 0.52 MPa (at t=3s), respec-
tively. It shows that due to the influence of the joint dip
angle, the surrounding rock structure is unstable and prone
to cracks, and the karst water easily penetrates into the
aquifer, which increases the seepage pressure value and
forms a wider range of seepage.

3.2. Catastrophe Information of Water Inrush in Karst Tunnel
under Different Tunnel Depths

3.2.1. Evolution Characteristics of Displacement under Dif-
ferent Tunnel Depths. Figure 10 is the evolution process of
the displacement value of the water and mud resistant rock
mass under the conditions of joint inclination angle 6= 15°,
the water and mud resistant rock mass are 3 m, the pressure
of karst water is 2 MPa, and the depth of tunnel is 200 m,
500 m, and 800 m, respectively.

It can be seen from Figure 10 that the water and mud-
resistant rock masses of karst tunnels in different burial
depths are damaged to varying degrees and have obvious
blocks falling under the disturbance of blasting excavation.
When the buried depth of the tunnel is 200 m, with the
increase of blasting load action time, the stability of the water
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FIGURE 9: Evolution characteristics of seepage pressure in the measuring points.(a) t=1s. (b) t=3s. (c) t=5s.

and mud resistant rock mass gradually decreases, and the
rock mass at the lower part of the water and mud resistant
rock mass gradually collapses in a high area. When the
blasting time t=7 s, the entire water and mud-resistant rock
mass is almost destroyed and some blocks fall to the bottom
of the tunnel. When the buried depth of the tunnel is 500 m,
the vertical displacement of the water and mud-resistant
rock mass is relatively reduced, and the stability of the
structure is enhanced. Although some blocks fell, the scale of
the rock mass was reduced, and the water and mud-resistant
rock mass did not completely collapse. When the depth of
the tunnel was 800 m, the structural stability of the aquifer
was the best. Although some of the blocks fell, the size of the
blocks and the degree of fragmentation for the water and
mud-resistant rock mass were relatively reduced. When the
blasting time t =7 s, the remaining complete thickness of the
water and mud-resistant rock mass is the largest, and no
obvious crack channel is formed in the rock layer. The
numerical calculation results fully show that under the
continuous action of blasting load, with the increase of
tunnel burial depth, the stability of the water and mud-
resistant rock mass and the ability to resist water inrush are
gradually enhanced.

Figure 11 shows the evolution process of the vertical
displacement of each measuring point located in the water and
mud-resistant rock mass under the condition that the tunnel
depth is 200 m, 500 m, and 800 m, respectively. It can be seen
from Figure 11 that the vertical displacement change value and
growth rate of each measuring point are different at different
tunnel depths. When the depth of the tunnel is 200 m, the
blasting action time is t=1s, 3 s, and 5, respectively, and the
maximum displacement of each measuring point is —0.26 m,
—-1.08m, —1.85m (the negative sign indicates that the dis-
placement is vertically downward in the y-direction), the
displacement change value is significantly higher than the
buried depth of 500 m and 800 m. This shows that the greater
the buried depth of the tunnel, the stronger the overall stability
of the water and mud-resistant rock mass, which can reduce the
negative effect of blasting load on it. With the increase of
blasting action time (at t=5s), the vertical displacement
growth value of each measuring point on the measuring
surfaces HL; and HL, decreases relatively, and the changing
trend of each measuring point is relatively uniform. The vertical
displacement growth value of each measuring point on HL; is
relatively significant, indicating that the blasting excavation
disturbance has a limited impact on the surrounding rock of
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Figure 10: Continued.
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FiGgure 10: Evolution characteristics of displacement under different tunnel depths. (a) t=1s, h=200m. (b) t=1s, h=500m. (c) t=1s,
h=800m. (d) t=3s,h=200m. (e) t=3s, h=500m. (f) t=3s, h=800m. (g) t=5s, h=200m. (h) t=5s, h=500m. (i) t=5s, h =800 m. (j)

t=7s, h=200m. (k) t=7s, h=500m. (1) t=7s, h=800 m.

the tunnel and has a greater impact on the surrounding rock
structure of the adjacent tunnel.

3.2.2. Evolution Characteristics of Seepage Pressure under
Different Tunnel Depths. Figure 12 shows the evolution
process of the seepage field of the water and mud resistant

rock mass under the conditions of the karst water pressure of
2 MPa, the thickness of water and mud resistant rock mass is
3 m, the joint inclination angle is 15°, and the tunnel depth is
200 m, 500 m, and 800 m, respectively.

Similar to the evolution process of the seepage field of the
water and mud-resistant rock mass in Section 3.1.2, the karst
water gradually infiltrated the vault and spandrel of the



Advances in Civil Engineering

FIGURE 11: Evolution characteristics of displacement in the measuring points.(a) t=1s. (b) t=3s. (c) t=5s.
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F1GURE 12: Evolution characteristics of seepage pressure under different tunnel depths. (a) t=1s, h=200m. (b) t=1s, h=500m. (c) t=1s,
h=800m. (d) t=3s,h=200m. () t=3s, h=500m. (f) t=3s, h=800m. (g) t=5s, h=200m. (h) t=5s, h=500m. (i) t=5s, h =800 m. (j)

t=7s, h=200m. (k) t=7s, h=500m. (1) t=7s, h=800m.

tunnel through the fissures in the water and mud-resistant
rock mass. Due to the difference in tunnel depth, the seepage
velocity of karst fissure water and the propagation velocity of
fissures are different. When the buried depth of the tunnel is
200 m, under the continuous action of the blasting load, the
water and mud-resistant rock mass rapidly develop and
penetrate to form an obvious water inrush channel (at
t=1~7s). When the buried depth of the tunnel is 500 m, the
development speed of cracks in the water and mud-resistant
rock mass decreases somewhat (at t=1~7s). When the
buried depth of the tunnel is 800 m, no obvious crack water
inrush channel is formed in the water and mud-resistant
rock mass (at t=1~7s). In addition, it can be seen that the
distribution area of the seepage area for the tunnel’s sur-
rounding rock in the water and mud-resistant rock mass
decreases significantly with the increase of the tunnel depth.
When the blasting time ¢ =7 s, the degree of fracture and the
scale of water inrush in the water and mud-resistant rock
mass of the tunnel surrounding rock with a buried depth of
200 m reach their maximum in the above three cases. This
phenomenon shows that under the combined action of
hydraulic pressure and blasting excavation disturbance, the
smaller the tunnel depth, the greater the disturbance of the
water and mud-resistant rock mass by blasting load, and the
easier it is to form higher cracks, which will speed up the
formation of water inrush channels and the occurrence of
water inrush disasters.

Figure 13 shows the evolution process of the seepage
pressure value at each measuring point of the water and
mud-resistant rock mass of karst tunnels with different
burial depths under blasting excavation. It can be seen from
Figure 13 that the seepage pressure values of the n; ~n;
measuring points on the horizontal plane HL; can reach the
karst water pressure of 2 MPa in a very short time under the
conditions of different burial depths (h =200 m, 500 m, and
800 m). When the buried depth of the tunnel is 200 m, the
seepage pressure values of ny-ny measuring points in the
water and mud-resistant rock mass decrease with the in-
crease of blasting time (At t =1 s, the measuring points of ny-
ne are 0.74 MPa, 0.58 MPa, and 0.18 MPa; At t=3s, the
measuring points of ny-ns are 0.440 MPa, 0.06 MPa, and

0.05MPa; At t=5s, the measuring points of ny-ng are
0.62 MPa, 0.37 MPa, and 0.03 MPa). The reason for this
phenomenon is that the continuous disturbance of blasting
excavation accelerates the formation of water inrush
channels in the cracks. Therefore, the water pressure at each
measuring point in the water and mud-resistant rock mass
has decreased. When the buried depth of the tunnel is 500 m
and 800 m respectively, the seepage pressure value at each
measuring point of HL2 and HL3 increases to varying de-
grees. This is because the stability of the aquifer structure
gradually increases with the increase in the buried depth of
the tunnel, and the effect of blasting excavation disturbance
is weakened. There is no obvious crack channel in the
aquifer, and the energy loss of karst water in the flow process
is less. Therefore, the seepage pressure values of the n4-n6
measuring points have increased.

3.3. Catastrophe Information of Water Inrush in Karst Tunnel
under Different Thickness

3.3.1. Evolution Characteristics of Displacement under Dif-
ferent Thickness. Figure 14 shows the evolution process of
the displacement values of the water and mud-resistant rock
mass under the conditions of the karst water pressure is
1 MPa, the inclination of the joint is 15°, the tunnel depth is
500 m, and the thicknesses of water and mud-resistant rock
mass are 2m, 3m, and 4 m, respectively.

The process of water inrush disaster in the water and
mud-resistant rock mass based on the displacement values
evolution in Figure 14 is roughly similar to that in Figures 6
and 10, but due to the different thickness of the water and
mud-resistant rock mass, the evolution characteristics of
each displacement value are significantly different (the
negative sign indicates that the displacement is vertically
downward in the y-direction). With the increase in the
calculation time, the broken area in the water and mud-
resistant rock mass gradually expands to the upper part in
different thicknesses of water and mud-resistant rock mass.
When the thickness of the water and mud resistant rock
mass is 2 m, the structure of the water and mud resistant
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rock mass shows an overall layer-wise failure trend under the
action of excavation disturbance. With the continuous in-
crease of the thickness of water and mud-resistant rock mass,
the surrounding rock located within 1.5 m of the tunnel vault
suffered severe damage along the way, resulting in the
formation of obvious slump arches. It can also be seen from
the calculation results in Figure 13 that when the thickness of
the water and mud-resistant rock mass is 2 m, the structure
of the antioutburst rock mass undergoes significant dis-
placement, the entire structure is severely broken, and ob-
vious crack channels have been formed inside. When the
thickness of the water and mud resistant rock mass increases
to 3 m and 4 m, although some blocks fall off, the remaining
structure of the water and mud resistant rock mass is rel-
atively complete, and no obvious crack channel is formed. It
can be seen that with the continuous increase of the safety
thickness of the water and mud resistant rock mass, the
stronger the stability of the water and mud resistant rock
mass, the higher the critical water pressure when water
inrush occurs.

Figure 15 shows the evolution process of the vertical
displacement of each measuring point in different water and
mud-resistant rock mass thicknesses. It can be seen from the
results in Figure 15 that in the case of any thickness of the
water and mud resistant rock mass (2 m, 3 m, and 4 m), the
y-direction displacement of the water and mud resistant
rock mass gradually increases with the increase of the
blasting load action time. And it can be seen from Figure 15
that the y-direction displacement of the antioutburst layer
gradually increases from top to bottom along its thickness.

The thickness of the antiburst layer is 3 m as an example, and
the measuring points n,, ng, and ny are selected. When the
blasting action time t=3.0s, the y-direction displacements
are —0.412m, —0.557m, and —0.464m, respectively (The
negative sign indicates that the displacement is vertically
downward in the y-direction). When the blasting action time
t=5.0s, the y-direction displacement is 0.896 m, 1.359 m,
and 0.996 m, and the displacement increases downward by
117.4%, 143.9%, and 114.6%. When the thickness of the
water and mud resistant rock mass is 4 m, although some
blocks at the bottom of the water and mud resistant rock
mass appear to be peeling and slipping, the vertical dis-
placement of the water and mud resistant rock mass is
relatively weakened from the perspective of the overall
structure of the water and mud resistant rock mass. No
matter how high the safety thickness is, each measuring point
on the measuring section at the bottom of the water and
mud-resistant rock mass has a high vertical displacement,
and the damage degree at the dome is relatively serious.

3.3.2. Evolution Characteristics of Seepage Pressure under
Different Thickness. Figure 16 shows the evolution process
of the seepage field in the water and mud-resistant rock mass
under the different safety thicknesses (d=2m, 3 m, and 4 m),
the karst water pressure is 1 MPa, the tunnel depth is 500 m,
and the inclination of the joint is 15°.

It can be seen from Figure 16 that in different thicknesses
of the water and mud-resistant rock mass, the process of
progressive seepage failure in the entire water and mud-
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resistant rock mass is similar. That is to say, the combined
effect of karst water pressure and blasting excavation dis-
turbance causes the continuous initiation of fissures in the
water and mud-resistant rock mass, and the effect of seepage
erosion is gradually prominent, and the seepage path is
continuously adjusted with the initiation of cracks. The
expansion and penetration of the cracks in the water and
mud-resistant rock mass will eventually lead to the failure of
seepage instability. Through the comparative analysis of the
numerical results in Figure 16, it can be seen that the dif-
ferent thicknesses of the water and mud-resistant rock mass
have a significant effect on the seepage pressure and seepage
area of karst water. When the thickness of the water and mud
resistant rock mass is 2m, the fracture and fragmentation
degree of the entire water and mud resistant rock mass and
the influence range of the seepage area are more extensive
than those when the thickness is 3 m and 4 m. The numerical
calculation results show that the smaller the thickness of the
water and mud-resistant rock mass in the karst tunnel, the
weaker the stability of the water and mud-resistant rock
mass structure under the influence of external factors, the
more serious the degree of rupture and fracture, the wider
the influence of the seepage area, and the more likely the
tunnel will occur.

Figure 17 shows the evolution process of the seepage
pressure at different measuring points in different thick-
nesses of the water and mud-resistant rock mass. Regardless
of the thickness of the water and mud-resistant rock mass,
the fissure water in the water and mud-resistant rock mass
can always penetrate to the #n; ~ n; measuring points under
the action of karst water pressure, and the seepage pressure
value is stable at about 1 MPa. When the thickness of the
water and mud-resistant rock mass is 2m, the seepage
pressure values of measuring points are significantly higher
than those of other thicknesses. This is because when the
thickness is 2m, with the increase in calculation time, the
rock mass structure in the water and mud-resistant rock
mass is cracked under the action of karst water pressure, and
the karst water gradually seeps and migrates along the crack
channel. At t=5s, the karst water has covered the entire
water and mud-resistant rock mass, and the karst water
inrush channel is completely connected. Therefore, the water
pressure value of each measuring point is relatively high
when the thickness of the water and mud-resistant rock mass
is 2m. When the thickness is 3 m or 4 m, due to the increase
in the safety thickness of the water and mud-resistant rock
mass, the stability of the entire structure is significantly
enhanced. During the numerical calculation process, the
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water inrush channel is not completely formed, the water
and mud resistant rock masses are relatively complete, and
the water inrush resistance is stronger.

4. Conclusions

To investigate the evolution characteristics of catastrophe
information in the water inrush under different conditions
of joint dip angle, tunnel depth, and thickness of water and
mud-resistant rock mass, a series of numerical simulation
analyses based on DEM were conducted. Some conclusions
can be drawn from the following:

(1) As the inclination angle of the joint increases, the
vertical displacement value of each measuring point
increases significantly, and the fracture area, fracture
degree, and seepage pressure of the aquifer also
increase rapidly. The seepage pressure of measuring
points in the water and mud-resistant rock mass
increases with the increase in the inclination angle of
the joint. The seepage pressure values of different
measuring points showed a decreasing trend from
HL1 to HL3

(2) The area and magnitude of the water and mud-re-

sistant rock mass displacement decrease with in-
creasing tunnel depth. The seepage velocity and
fracture propagation velocity of karst water vary
greatly with the tunnel burial depth. As the depth of
the tunnel increases, the distribution area of water
cracks and hydraulic cracks decreases significantly,
and water inrush is less likely to occur.

(3) With the increase of the water and mud-resistant

rock mass thickness, the failure mode of the
tunnel outburst layer structure gradually changes
from the overall collapse to the partial collapse of
the vault to form a relatively stable slump arch.
The greater the thickness of the water and mud-
resistant rock mass, the higher the critical water
pressure for failure and instability, and the
stronger the antioutburst ability.
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The channel slope in the red-bed soft rock area is prone to instability and collapse due to the influence of the channel flow
movement, rainfall, weathering, and other factors. Under long-term operation conditions, the sediment stripped from the channel
side wall is liable to silt along the process of water flow transportation in the channel, which seriously leads to elevation of the
channel bottom, increase of channel width, and reduction of the horseway, which affect the normal water conveyance and
operation safety of channels. In view of the collapse and instability of Zhetang diversion irrigation channel project in Xinjiang
hydraulic project, through on-site sampling and indoor rock mechanics test, the strength mechanical parameters of slope rock
samples are obtained, and the indoor rheological test is carried out, and the triaxial rheological law is obtained. Under different
levels of stress, the axial creep strain accounts for more than 50% of the total axial strain, indicating that the rheological effect of
sample rock is obvious. Based on the strength parameters of rock samples, a numerical model is established. The stability of red-
bed soft rock channel bank slope is studied by using the strength reduction method of finite element method. The seepage field of
channel slope under conventional working conditions is analyzed, and the slope stability under different operating conditions is
compared and calculated. The results show that the slope stability safety factor of Zhetang diversion irrigation channel slope is 1.60
under conventional working conditions and 1.33 under check working conditions, which are greater than the recommended value

in the specification.

1. Introduction

The red-bed soft rock slope is widely distributed in south
China, which is easy to be weathered, disintegrated, and
softened by water [1-3]. Most of the red-bed soft rocks can
disintegrate into soil under open air or dry-wet cycle, and
some even disintegrate immediately after immersion in
water, or even muddy with poor engineering geological
properties [4, 5]. Reservoirs and water diversion engineering
channels are widely distributed and often need to run
through the red-bed distribution area. The red-bed soft rock
is prone to cracks, swelling, slope collapse, and other
problems [6, 7], affecting the normal water delivery and
operation safety of the water channel. Under long-term
operation conditions, the sediment denuded from the
channel sidewall is prone to siltation along the way through

the flow transportation in the channel, which seriously leads
to the elevation of the channel bottom, the increase of the
channel width, and the reduction of the berm [8-10]. In
addition, a large amount of sediment is brought into the
reservoir by water flow, resulting in the deterioration of
water quality in the reservoir area and affecting the storage
capacity and service life of the reservoir [11, 12]. Therefore, it
is urgent to study the seepage and stability of the red-bed soft
rock channel bank slope, and reveal the mechanical
mechanism, formation mechanism, and evolution law of the
channel bank slope instability under the interaction of water
and rock, and it is of great significance for the design and
application of many channel slopes under construction or
built [13].

Softening in water is an important factor that leads to the
reduction of physical and mechanical properties of red-bed
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soft rock, as a result, the rheological characteristics of soft
rock under long-term load are important parameters for
geotechnical engineering design [14-16]. The deformation
and strength of soft rock have a strong time effect, which is
reflected in many examples of rheology of soft rock caused
by excavation in rock mass engineering such as dams, slopes,
and caves. Shan et al. [17] analyzed the instantaneous
strength and deformation characteristics of rock specimens
by triaxial compression test and triaxial unloading creep test,
and discussed creep deformation characteristics and damage
evolution characteristics of red sandstone in concrete
project, Yang et al. [18] analyzed the creep mechanical
properties of red sandstone under different temperature and
water content conditions. Yu et al. [19] carried out a series of
uniaxial compressive strength tests and multistage creep
tests on red sandstone samples to study the creep charac-
teristics of red sandstone under different immersion con-
ditions. In recent decades, based on various slopes, dams,
and road projects, a large number of experiments have been
carried out to study the rheological phenomena of soft rocks,
and many rheological models have been put forward and
established, including empirical formula model, unit model,
and some new combined models formed by introducing
damage mechanics and fracture theory [20-23]. Therefore,
the creep characteristics of sandstone is of great significance
for reasonably explaining the time-dependent mechanical
behavior of slope engineering, and evaluating the long-term
stability and safe operation of the project.

At present, the slope stability analysis methods are
relatively mature, among which the most commonly used
methods are limit equilibrium method and strength re-
duction method [24-26]. Limit equilibrium analysis method
is a commonly used deterministic analysis method which is
an earlier and widely used method in slope stability analysis
[27, 28]. When using limit equilibrium method to analyze
slope stability, the slope body is simplified, which is
somewhat different from the real slope stress mode. Com-
pared with the limit equilibrium method, the strength re-
duction method does not need assumptions, and can obtain
the location of the sliding surface and the corresponding
minimum safety factor according to the instability criterion,
which makes it widely used. Arvin et al. [29] studied the
three-dimensional stability of geocell reinforced slope by
strength reduction method (SRM), which considered the
geotechnical compartments and their fillers and sur-
rounding soils. Zhang et al. [15] carried out numerical re-
search on progressive failure process of jointed rock mass
slope using fracture mechanics and strength reduction
method (SRM), and proposed a displacement discontinuity
method including friction unit for calculating stress intensity
factor. Kong et al. [30] established a three-dimensional
nonlinear strength model of soil considering the coupling
strength of tension-shear (T-S) and compression-shear (C-
S), and analyzed the stability of saturated and unsaturated
slopes by strength reduction method.

Since the Zhetang diversion irrigation channel project
was completed and put into operation, the red-bed slope of
the channel often collapsed and cracked. For example, the
slope collapse of the section with stake No. 1 +650~2 + 300
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was aggravated, and some of the slopes below the first-class
Packway collapsed seriously. Therefore, in view of the col-
lapse and instability of Zhetang diversion irrigation channel,
and based on the indoor rock mechanics test and rock
rheological test, the triaxial rheological law of channel rock
samples are obtained. According to the obtained strength
parameters of rock samples, a numerical calculation model is
established, and the seepage and stability of red-bed soft rock
channel slope are studied by using the strength reduction
method, and the seepage field and stability safety factor of
channel slope under conventional and check working
conditions are analyzed.

2. Seepage and Stability Analysis Method

2.1. Seepage Analysis Method. The relationship between flow
flux and soil and water potential gradient is often used to
describe the movement law in unsaturated soil:

a=v=kOF, m

where ¢ is the flow flux in unsaturated soil, v is the average
flow rate, 0y/0x is hydraulic gradient.

The slope is assumed to be isotropic porous media, the
seepage conforms to Darcy’s law, and the motion equation of
water in unsaturated soil:

0 oH 0 o0H 00
a("%)*@("@)“ﬁ’ @

where H is the total head, k., k, are the horizontal and
vertical permeability coefficients, respectively, Q is the flow
of water on the boundary, ® is the volume moisture content.
The permeability law coefficient is defined as
k = # k) ( 3)
(1 + B\ )

where k is the average permeability coefficient, k is the
permeability coefficient of saturated soil, k, is the seepage
coefficient, f3 is a coeflicient reflecting the influence of ve-
locity on permeability coefficient, and v,, is the seepage
velocity.

2.2. Strength Reduction Method. The strength reduction
method defines the strength reduction factor as the ratio of
the maximum shear strength that the slope can actually
provide to the actual shear stress generated by the external
load. Then, by continuously increasing the value of the
reduction factor, repeatedly calculate and analyze until the
value of the reduction factor increases to a certain value, the
slope reaches the critical state, and calculate the cohesion
and internal friction angle of rock and soil mass when the
slope reaches the state of imminent failure [22]. In order to
prevent the slope from losing stability at the beginning of the
calculation and ensure the elastic state of the soil at the
beginning stage, the initial value of F, is usually taken as a
number less than 1, and then gradually enlarged. This
method has great advantages over traditional calculation



Advances in Civil Engineering

methods such as the slice method. It does not need to assume
the shape and position of the sliding surface before calcu-
lation, and it can also observe the slope failure at different
times.

The shear strength parameters after reduction can be
expressed as

c
Cpp =—>
F
t

= arctan fan ¢
¢m - Ft >

where c,, and ¢,, are the cohesion and internal friction angle
that soil can provide, ¢ and ¢ are the cohesion and internal
friction angle required to maintain balance or actually
exerted by the soil, F; is the strength reduction factor.

(4)

3. Experimental Study on Mechanical
Properties of Rock and Soil

3.1. Project Overview. Zhetang diversion irrigation channel
of Xinjiang hydraulic project is located under the jurisdic-
tion of Jizhou district and Jishui County of Ji’an city, which
belongs to Wenshi River Basin, a tributary of Ganjiang River,
and situated to typical red-bed soft rock in geological
conditions. The Wenshi river originates from Dachong
township, Ji’an County, and flows into the Ganjiang River at
Jiangkou village under the well head through Yinwangqiao
reservoir in Gujiang township. The total length of the
Wenshi river is 48.1km and the drainage area is about
360 km®. After the construction of the protection zone, it is
necessary to guide and drain the upstream water, with a
rainwater collection area of 340.6km?, and a drainage and
rainwater collection area of 19.4 km”. In June 2021, the slope
of Gushan section of the channel appeared local collapse,
and then danger removal and reinforcement were carried
out, as shown in Figure 1.

3.2. Triaxial Compression and Rheological Mechanical
Properties. Rock samples taken on-site are conducted triaxial
compression test by TAW-2000 microcomputer-controlled
rock servo triaxial pressure testing machine, as shown in
Figure 2. The sample is added indenters on both ends, sealed
with sealing sleeves, installed with strain sensors, and put into
the pressure chamber. The confining pressure is applied to the
sample to reach the preset value, and the axial pressure is
applied to the sample under the condition of keeping the
confining pressure unchanged until the sample is destroyed.
The confining pressure is set to three states, 1 MPa, 3 MPa,
and 5MPa are applied, respectively. According to the
Mohr-Coulomb failure criterion, the shear strength param-
eters of the wet sample are calculated. The physical and
mechanical parameters of the rock sample are summarized in
Table 1.

Triaxial compression rheological tests were carried out
on the rock samples. Based on the test results, the rheological
properties of the rock were analyzed. Sr-6 triaxial creep
instrument is used for rheological test, and the confining

pressure of the test equipment uses air pressure as the
pressure source. Through the pressure regulating valve, the
stability of confining pressure during the test can be guar-
anteed. The test equipment can be controlled and auto-
matically collect data through the software system, mainly
including confining pressure, pore pressure, displacement,
and deformation. The accuracy of deformation measure-
ment is 0.01 mm. Gravity loading is adopted in axial stress
loading, which can keep the axial pressure constant, and is
the most commonly used loading method.

Considering the actual environmental conditions of the
project, the drainage shear can more truly simulate the
drainage conditions. The drainage shear is used in the test,
and the test process is as follows:

(1) Sample preparation: The soil sampler is used for
sample preparation, and the size is ¢ 61.8 X 123.6 mm
cylindrical rock sample.

(2) Consolidation: 500 kPa confining pressure is used for
drainage consolidation, and the consolidation time is
2-3 days. It is determined according to the dissi-
pation of pore water pressure. In order to speed up
the dissipation of pore water pressure and achieve
more uniform consolidation, filter strips are uni-
formly pasted around the specimen along the axis.
After consolidation, the consolidation deformation
of the specimen is calculated based on displacement.

(3) Load: The test is carried out by using the step loading
method. The loading time of each step depends on
the deformation rate. Generally, if the total defor-
mation is less than 0.0l mm within 3 days, it is
considered that the creep is stable. When entering
the lower-level loading, the applied stress levels are
0.4MPa, 0.8MPa, 12MPa, and 1.6MPa,
respectively.

(4) Data collection: Record data every 30 seconds within
30 minutes after loading, and then record data every
1 minute.

Four levels of load were applied in the rheological test,
and the duration of each level of load was more than 3000
minutes, with a total duration of 16330 minutes. Figure 3
shows the rheological curve of soft rock samples under
graded loading. The value on the rheological curve repre-
sents the applied axial stress at all levels. Because the test
adopts the graded loading method, it is necessary to use the
Boltzmann superposition principle to process the test data,
and transform the rheological curve in Figure 3 into the
rheological curve of rock under different stress levels, as
shown in Figure 3.

According to the test results, the instantaneous strain,
creep strain, and total strain of rock axial under various
stress levels are summarized in Table 2.

It can be seen from Figure 3 and Table 2 that the rhe-
ological curve reflects the first stage and the second stage of
rheology, that is, the attenuation rheological stage and the
stable rheological stage, but the third stage of rheology, that
is, the accelerated rheological stage, was not observed in the
test. The axial instantaneous strain, creep strain, and total
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(b)

FIGURE 1: Slope in Zhetang diversion irrigation channel. (a) Danger removal of Gushan section (in 2014 and 2019); (b) typical channel
section on the left bank.

FIGURE 2: Rock mechanics test. (a) Sample sampling; (b) TAW-2000 microcomputer-controlled rock servo triaxial pressure testing machine.

TABLE 1: Rock mechanics parameters.

Natural state Shear strength

densi densi hesi e ) Permeability coefficient
Sample Water content Wet density Dry density Cohesion Friction angle
w P Pd c [ K
% g/lcm’ g/cm’ kPa o cm/s
ZT-1 245 1.95 1.57 27 18 7.0x107°
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= E sl
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02 F 0.4MPa
00 1 1 1 1 0.0 1 1 1 1 1
0 4000 8000 12000 16000 0 1000 2000 3000 4000 5000 6000
Time ¢ (min) Time t (min)
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FIGURE 3: Triaxial rheological mechanical property test. (a) Graded loading rheological curve; (b) axial loading rheological curve.

strain of the specimen increase with the increase of the stress
level. Under all levels of stress, the proportion of axial creep
strain to the total axial strain is more than 50%, indicating

that the rheological effect of the specimen rock is obvious.
Due to the weak argillaceous cementation between soft rock
particles, large flow variables after rock saturation, and
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TaBLE 2: Axial instantaneous strain, creep strain, and total strain of rock under various stress levels.

Axial strain

(01-03) (MPa) . . . . .
Instantaneous strain (%) Creep strain (%) Total strain (%) Creep strain/total strain (%)

0.4 0.0483 0.1358 0.1841 0.7378
0.8 0.2536 0.2569 0.5106 0.5032
1.2 0.3924 0.3999 0.7924 0.5047
1.6 0.5469 0.6080 1.1549 0.5264

TaBLE 3: Physical and mechanical parameters of rock and soil mass.

Material Density (kg/m3) Modulus of elasticity (GPa) Poisson’s ratio Internal friction angle (") Cohesion (kPa)
Red-bed soft rock 1920 0.70 0.30 18.0 27.0
Weak interlayer 1840 0.50 0.33 9.5 10.0
Weakly weathered bedrock 2300 1.50 0.265 35.0 100.0

significant aging deformation, the rheological mechanical
properties of rock have a great impact on the long-term
stability and safe operation of the diversion project.

4. Slope Seepage and Stability Analysis

4.1. Calculation Model and Parameters. Taking Zhetang
channel in Xinjiang reservoir area as the analysis object, the
finite element analysis model of the channel is established,
which is based on the design drawings and field survey, as
shown in Figure 1. The channel model is divided into three
levels of slope step on the right bank red layer soft rock slope,
with the elevation of channel bottom 44.0 m and the width of
slope step 3 m, in which the ratio of the first stage slope to the
second stage is 1:2.0. The third and the fourth stage slope
ratio is 1:1.5. The slope ratio of the first and second stage of
the left bank is 1:2.0 and 1:1.5, respectively. The values of
physical and mechanical parameters of rock and soil mass
used in the calculation are shown in Table 3.

The calculation is divided into two working conditions,
namely, conventional and check working condition. Because
the rock mass strength of the weak interlayer has significant
strain softening characteristics, a large number of projects
show that the occurrence of landslide is often related to the
penetrating weak interlayer. Therefore, in order to observe
and verify the stability of the channel slope containing the
weak interlayer, the dangerous working conditions con-
taining the deep penetrating weak interlayer are set to verify
the stability and safety of the channel slope, as shown in
Figure 4. The physical and mechanical parameters of
common soft interbeds in red beds are shown in Table 4.

Mohr-Coulomb criterion of elastic-plastic model is
adopted in the constitutive model of material calculation
simulating rock and soil mass, and its yield function is

1 1
F =3 I, sing +(cos€a—$ sin@osin(p>\/]—2—cos<p =0,
(5)

where I} = 0, + 0, + 0, is the first stress invariant, 6, is the
lode angle, -30° <6, <30, and J, = 1/6[ (0, — (fy)2 + (0,—

=U; >

O‘Z)2 + (0, - ax)z] + Tiy is the second invariant of stress bias.

4.2. Seepage Analysis. The steady-state seepage analysis of
the channel slope is carried out to analyze the seepage field of
the channel slope. On the basis of the steady-state seepage,
the rainfall infiltration analysis is added. Assuming that the
rainfall infiltration intensity is i=0.02 m/h, the slope infil-
tration intensity is corrected according to the slope, and the
following formula is used for calculation:

ig =ix cos0, (6)

where iy is the infiltration intensity of slope surface and 0 is
the angle between slope and horizontal plane.

According to the pore water pressure nephogram in
Figure 5, with the increase of depth, the pore pressure in-
creases, and the maximum pore pressure is about 200 kPa.
The upper part of the slope is unsaturated soil. With the
gradual decrease of saturation, the greater the matrix suc-
tion, and the maximum matrix suction is about —200 kPa.
The influence of rainfall on pore water pressure shown in
Figure 6 is mainly reflected in the shallow surface, the pore
water pressure on the top of the slope decreases, and the pore
water pressure on the bottom of the slope almost remains
unchanged.

4.3. Slope Stability Analysis. The slope stability calculation
process is divided into two steps. The first step is the steady-
state seepage, and the second step is to determine the safety
factor of the slope in the critical instability state by reducing
the strength factor of the channel slope under the initial
equilibrium conditions calculated in the first step.

4.3.1. Conventional Working Conditions. The equivalent
plastic strain nephogram and cumulative plastic strain
nephogram when reduced to the critical state are shown in
Figure 7. By observing that in the process of soil strength
reduction, the plastic deformation develops until penetra-
tion, and the soil on the sliding surface appears plastic flow,
resulting in the instability of the slope along the sliding
surface, and the most dangerous arc surface of the channel
slope under the critical value of strength reduction can be
visually observed.
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(a) (b)

FIGURE 4: Numerical calculation model of Zhetang slope. (a) Conventional working condition; (b) check working condition.

TaBLE 4: Mechanical properties of common structural planes of red-bed soft rock.

Rock Structural plane type Cohesion (kPa) Friction angle (°)
Mudstone — 0.06-0.08 20-30
Siltstone — 0.03-0.25 20-50
Sandstone — 0.07-1.0 15-60
— Pure mud type 2-5 10-14
— Mud debris type 20-50 14-19
— Debris mud type 50-100 19-22
— Rock fragment type 100-250 22-29
— Closed structural plane 50-150 22-35
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FIGURE 5: Seepage analysis of steady channel slope. (a) Pore water pressure nephogram; (b) flow field distribution.
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FIGURE 6: Seepage analysis under the influence of rainfall. (a) Pore water pressure nephogram; (b) flow field distribution.
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FiGure 7: The most dangerous sliding surface under conventional working conditions. (a) Equivalent plastic strain nephogram; (b)

cumulative plastic strain nephogram.
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F1GURE 8: Displacement and safety factor under conventional working conditions. (a) Displacement nephogram; (b) stability safety factor.
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FIGURE 9: The most dangerous sliding surface under check condition. (a) Equivalent plastic strain nephogram; (b) cumulative plastic strain

nephogram.

The relationship between the stability safety factor F; and
displacement at the starting point of the slope top slip arc is
shown in Figure 8. With the increase of F,, the plastic region in
the slope rock mass gradually increases. A large number of
practices have proved that the slope instability can be iden-
tified by observing the inflection point of displacement change
mutation at the top of the slope. The analysis process of this
method is similar to the slope failure process, and it also has
clear physical significance. As can be seen from Figure 8(b),
when the on-site variable changes to 1.59-1.62, displacement
rapidly increases from 0.05m to 0.76 m, which shows that the
safety factor of slope stability in this critical state is about 1.60.

4.3.2. Check Condition. The equivalent plastic strain
nephogram and cumulative plastic strain nephogram re-
duced to the critical state are shown in Figure 9, which can
visually observe the most dangerous arc surface of the
channel slope under the condition of the critical value of
strength reduction. Due to the existence of deep through
weak interlayer, the landslide surface is more inclined to
slide along the tendency of the soft interlayer along the slope.

Figure 10 shows the relationship between the stability
safety factor F, and displacement at the starting point of the
slope top slip arc under check condition, in which the slope
rock mass tends to slide along the weak interlayer. When the
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F1GURre 10: Displacement and safety factor under check condition. (a) Displacement nephogram; (b) stability safety factor.

on-site variable changes to 1.29-1.35, displacement rises
rapidly from 0.02m to 0.38 m, and the slope stability safety
factor under this critical state is about 1.33.

The stability safety factor of the conventional working
condition is greater than that of the check working con-
dition. The occurrence of deep penetrating weak interlayer
will induce the slope slip surface to the weak interlayer
surface, and aggravate the risk of instability and failure of the
channel slope.

5. Conclusion

Aiming at the channel slope project in Zhetang protection
area of Xinjiang reservoir protection project, this study
adopts the method of combining indoor geotechnical me-
chanical test and numerical calculation and carries out the
stability analysis of the channel slope based on the finite
element strength reduction method. The following con-
clusions can be drawn:

(1) Through the test of rock and soil mechanical
properties, the strength mechanical properties pa-
rameters of the slope rock samples are obtained, and
the triaxial rheological law are obtained. The axial
instantaneous strain, creep strain, and total strain of
the samples increase with the increase of the stress
level. At all levels of stress, the proportion of axial
creep strain to the total axial strain is more than 50%,
indicating that the rheological effect of the sample
rock is obvious.

(2) With the increase of depth, pore water pressure
increases and matrix suction decreases. The influence
of rainfall on pore water pressure is mainly reflected
in the shallow surface, the pore water pressure on the
top of the slope decreases, and the pore water
pressure on the bottom of the slope almost remains
unchanged.

(3) The existence of weak interlayer and structural plane
will make the slope sliding surface concentrate to the
weak surface, reduce the stability safety factor, and
aggravate the risk of instability and failure of the
channel slope.

(4) Based on results obtained by geotechnical test and
numerical analysis, the safety factor of slope stability

under conventional and check working conditions of
Zhetang channel slope is 1.60 and 1.33, respectively.
The safety factor of both conventional and check
working conditions is greater than the recommended
value of the specification, and the channel slope is
generally safe and stable. The local collapse of
channel slope is mostly caused by the decline of loose
rock and soil mass on the slope, which may be in-
duced by the weathering, disintegration, and creep of
red-bed soft rock.
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Strong mine tremor occurs frequently in deep mines, which have brought great hidden dangers to the safety of mine production.
This paper takes panel 63/06 in No. 6 mining area of Dongtan coal mine as the research background, through geological survey,
laboratory test, theoretical analysis, numerical simulation, on-site microseismic monitoring, the seismic evolution law and its
mechanical mechanism, etc., and the conclusions are as follows: (1) there are three sets of key layer groups between the surface of
the panel 63/06 and the coal seam, among which there is a large amount of energy in the thick Jurassic red layer and the lower key
layer, which provides an energy basis for the red-bed to break and generate strong mine tremors; (2) on the plane, most of the
strong tremors occurred in front of the mining position of the working face and tended to transfer to the side of the gob, and
longitudinal, high-energy mine tremors are mainly distributed in high-level red sandstone; (3) the release location of high-energy
mining earthquakes does not match the location of microseismic accumulation, indicating that there is no elastic energy ac-
cumulation in the lower surrounding rock before the strong mining earthquake occurs, and it highlights the characteristics of
structural occlusal instability rather than energy abrupt instability in the rupture of the red and thick sandstone; and (4) the
Dongtan red-bed type strong mine tremors have a large focal rupture radius, a long rupture duration, a small corner frequency,
and a weak initial P wave, and the characteristics of low stress drop and no catastrophic nature indicate that the thick and low-
strength red-bed is prone to large-scale fractures, which should belong to the structural instability type mine shock dominated by
tensile fracture.

1. Introduction

With the increase of mining depth, strong mine tremors
induced by deep mining show a trend of increasing fre-
quency and energy, which seriously restricts the normal safe
production of mines and threatens the safety of under-
ground miners and ground residents. The deep rock mass
has the characteristics of high in-situ stresses, high tem-
perature, high gas and water pressure under complex en-
gineering geological conditions and harsh mechanical
environments [1-3]. Strong tremors prevention and control
management become the focus and difficulty of safe and
efficient production in deep mines. A total of nearly 118

strong tremors are effectively located during the mining
process in No.6 mining area of Dongtan coal mine. As of
February 17, 2021, more than 20 strong tremor events have
occurred at panel 63/06, which is being mined.

Thick and hard strata are developed during the for-
mation of coal measure strata in East China [4, 5], among
which thick-bedded sandstones (generally known as red-
bed) are the most common ones. Tremors are triggered by
the fracturing and violent movement of thick and hard strata
[4, 6, 7]. Red-bed could form large hanging areas and cause
higher stress concentrations above the coal seam under coal
excavation. Based on key strata theory [8-10], thick and hard
strata occur instantaneously and fracture and break to
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release a large amount of elastic energy when the dynamic
and static load of the overhanging position exceeds the
critical stress. The key is to prevent the emergence of a large
overhanging roof under the thick and hard rock strata
structure because the occurrence of mine tremors is closely
related to red-bed. So far, researchers have done lots of
studies on the difficult challenge. To avoid or reduce strong
mine tremors, hydraulic fracturing [11, 12], deep-hole
blasting [13-15], nonpillar mining technologies are applied
to break and weaken the roof [16-18] and have achieved a
good effect in deep mines.

The mechanism of mine tremors and the prevention and
control technology have been investigated by researchers.
Based on the source location, energy, and waveform char-
acteristics, seisms are categorized into three types: mining
fracture, huge thick overburden, and high-energy vibration
[19, 20]. Combined with the movement pattern of thick and
hard rock strata, the roof motion tremors could be classified
as fracture, return, and slip [21-23]. Research shows that the
structural evolution of the overburden is closely related to
the occurrence of mine seismicity [24-27]. Dou et al. [16, 28]
made a study on the relationship between the evolution of
overburden spatial structure and the occurrence law of mine
seismicity and proposed the corresponding prevention and
control measures according to different overburden struc-
tures. The risk of mine tremors occurrence is studied by
Huang et al. [29], Xiao et al. [30], and Ju and Xu [31] through
the fracture and energy accumulation-release characteristics
of rock strata above the coal seam.

The mechanism for the occurrence of nonhazardous
strong tremors induced by deep mining has not been
clarified. It has been indicated that strong tremors do not
cause damage to the roadway because they mostly occur in
the goaf and its effective attenuation of vibration impact
energy [32, 33]. From the waveforms recorded by the mi-
croseismic system, it could be shown that the strong mine
tremor in Dongtan coal mine has a longer vibration du-
ration, single main frequency component that is mainly low
frequency, weak initial motion, low amplitude, and difficulty
in localization compared with the impact rock burst signal. It
is likely that the specificity of its red-bed sandstone fracture
dynamics, rather than just the location of the seismic oc-
currence, determines the type of mine tremors [4, 34, 35]. In
this paper, the characteristics of red-bed type strong tremors
induced by deep mining are investigated, and the causes of
frequent tremors are explained, and the induced mechanical
mechanisms are revealed to provide theoretical guidance for
the prevention and control of dynamic disasters in deep
mines.

2. Engineering Background

Dongtan coal field with an area of 59.96 km” is located in the
bordering area of Zoucheng, Yanzhou, and Qufu cities in
Shandong Province, China. It is geologically located in the
core and deep zone of the Yanzhou syncline. Currently, all
mining activities are taking place at the first level (~660 m).
The main mining coal seam is 3-coal-seam (3, 3 upper, and 3
lower), of which the 3upper coal seam has a buried depth of
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about 670 m with an average value of 5.41 m. Dongtan coal
mine is divided into seven mining areas, and the No.6
mining area is located in the south of the coal mine. The
stopped panels include the 63upper03 panel, 63upper04
panel, and 63upper05 panel in the No.6 mining area. The
panel 63upper06 has been mined for 550 m.

The design track length of the panel 63upper06 is
1499 m, the transport length is 1489 m, the inclined width is
261 m, the elevation is —604.5 to —670.3 m, and the average is
—637.4m. The panel 63upper06 is mined on February 11,
2020. The division of panels is shown in Figure 1. Fully
mechanized mining technology is adopted. The coal seam
inclination is large in the west, with a maximum inclination
of 14’ at the starting cut and an overall average inclination of
about 4°. The coal seam has a hardness of f=2 ~ 3 on the
Protodyakonov scale.

The geo-formation structure revealed by drill holes #170
and #02-D7 within the range of panel 63upper06 is analysed
statistically.As shown in Figure 2, three key layers can be
identified between the surface and the coal seam, whose
average thicknesses are 141 m, 217 m, and 30m, and the
distances from the coal seam are 331 m, 111 m, and 13 m,
respectively. Key strata 2 and 3 are Jurassic sandstone layers
and referred to as red-bed. Physical and mechanical tests
find that key layer 1 is harder, with compressive strengths up
to 88.2-127.5 MPa. However, the compressive strength of
the red-bed ranges from 20 to 80 MPa, which is significantly
weaker compared to the strength of the lower rock strata.

From the microseismic monitoring results during the
mining process of panels in No.6 mining areas at the early
stage, and it is known that the thickness of the red-bed in the
area of frequent mine seismicity is 480m ~ 520m (see
Figure 3). The distance between the red-bed and coal seam
generally does not exceed 100m. Therefore, the red-bed
fractures instantaneously and releases a large amount of
energy, resulting in strong tremors when the thickness of the
red-bed increases and is close to the coal seam.

3. Stress Evolution and Energy Accumulation
Characteristics of Overburden

3.1. Numerical Modeling. A three-dimensional numerical
simulation model of deep mining in No.6 mining areas is
constructed based on the principles of following the dis-
tribution of the goaf and the thickness and the physical and
mechanical properties of rock strata. In Figure 4, the length,
width, and height of the model are 2003 m, 1680 m, and
286 m, respectively. The stress evolution, degree of stress
concentration, and energy accumulation characteristics of
rock strata above the coal seam during the mining process of
panel 63upper06 are calculated.

3.2. Stress Evolution and Energy Accumulation Characteristics
of Panels. The panel 63upper06 has advanced 550.2m.
Panels 63upper03, 63upper04, and 63upper05 have been
excavated. The existence of goafs will inevitably have a great
impact on the stress distribution and energy accumulation in
the panel [27, 36]. When the load on the overlying rock
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FIGURE 1: The division of panels in No.6 mining area.

Synthetic geo-formation structure
of panel 63 06

upper

162m Soil
Keylayer 3 141m Siltstone
Red-bed
Keylayer 2 217m Fine sandstone
Keylayer 1 30m Medium sandstone

Coal

Al

A

7 % P - g
—
859 N

n 1& i
/”{ﬂ'a /572
'y G

F1GURE 3: Distribution of the red-bed iso-thickness line (red), the red-bed bottom boundary, and the roof above coal seam iso-distance line
(green).

strata exceeds its strength, the overburden collapses. In The maximum principal stress distribution in the coal
Figure 5, the maximum principal stress within the mining  seam and overlying strata during the continuation of the
area is distributed within a limited range around the panel, = work face 63upper06 to 1350 m is analyzed. Figure 6 shows
and the maximum principal stress value has reached 68 MPa.  the evolution of the maximum principal stress along the
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mining direction with the advancement of the working face.
The distribution of the maximum principal stress in the
spatial three-dimensional range of panel 63upper06 shows
that the maximum principal stress value reaches 59.8 MPa.
In Figure 7, the maximum principal stress in the current
state of the working face 63upper06 up to about 650 m
advance is at the highest value. The maximum principal
stress tends to decrease during the subsequent advance. The
working face advances to about 750 m to reach the lowest
value, and then gradually rises.

As shown in Figure 8, a large amount of energy exists in
the red-bed sandstone and key layers above the coal seam
when the working face 63upper06 is advanced to 650 m,

which provides an energy basis for generating strong mine
tremors.

4. Study on Evolution Law of Strong
Mine Tremors

4.1. Spatial Distribution Law of Strong Mine Tremors. A total
of 25 strong mine tremors are effectively located on panel
63upper06 during the production period (Match 13, 2020 to
November 30, 2020). After fine-tuning the P-wave initial
arrival times of tremors, the distribution of strong mine
tremors is obtained as shown in Figure 9. Tremors are
mainly concentrated at a distance of approximately 230 to
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489 m from the starting cut, roughly in the area between 1st
square and 2nd square.

Strong mine tremors mainly occur in the 300 m range
before and after the working face (see Figure 10). With the
gradual advancement of the working face, most tremors
occur in front of the working face and are in a fluctuating
state, except for the first strong tremor which occurs behind
the starting cut of the panel. With mining, strong mine
tremors occur first at positions far from the extraction lo-
cation, gradually approaching the working face, and then
transferring to the front of the working face. Overall, there is

a tendency for strong mine tremors to shift to the side of the
goaf. It indicates that strong mine tremors at panel 63up-
per06 are influenced by the overburden structure.

In Figure 11, large-energy mine tremors are mostly
distributed in key layers 2 and 3 from the spatial distribution
of tremors. Considering factors such as the thinness of key
layer 1 and the influence of locating accuracy, there are fewer
mine tremors occurring directly in key layer 1. The great
majority of strong mine tremors have a low impact on mine
safety production. Therefore, it could be verified that strong
mine tremors occurring in key layers 2 and 3 are not



3922000 -

3921800 -

3921600  f

3921400 -|__}

3921200 7,

3921000 — % t»O" . 8
@bol FBE+06 to 1E+07 4

3920800 | @01 1E07 to 5E+07 [Ty

T T T T
39489000 39489400 39489800 39490200 39490600 39491000

FIGURE 9: Plan of strong mine tremors distribution.

-

g 300 T T T B

=

o

9]

S

< 200

[9]

<]

2

=]

£ 100

|9}

[+

—

=

[}

g 0

<

S

S -100

5=

w

-

9]

g -200

(5]

—

8

S

0_300> T T S Sy I S I SO RO

8 NN ANOARNINOO NNV ARNRN ~ NN DD

=] T YT TA T T TR0

E N0 FHFHWOOOOOOINNDNNO O~ — —

2 PRI IIRRRRPRRAA A A

[a) 00 0000000000000 O O
Lo o I o o o I I o o I o I o I I o I I o o B B |
OO0 0000000000000 0O
AN A A A A AN AN AN

Date

FiGure 10: The curve of strong mine tremors relationship with
extraction location.

significant in terms of inducing disasters, but they will cause
strong shocks on the ground. Meanwhile, large-energy mine
seismic signals are also monitored at lower rock strata. Take
the strong mine seismic signal that occurred on November
30, 2020, at 09:41:29 as an example. The error calculation
shows that its Z-direction elevation error is 46.8 m. After
correction, it should be located in key layer 1 in spatial
position.

Strong mine tremors at panel 63upper06 have a tendency
to develop from far-field strata to lower rock strata. After the
fracture of key layers, several strong mine tremors will
accompany the lower strata [4, 28, 37]. The fracture of far-
field strata will be acting as a load directly on the near-field
strata, which is extremely negative for the normal break of
the lower layers, especially for key layer 1 [38-40]. The
energy released by the breakage of near-field rock strata
immediately is applied to the coal seam and has greater
disaster-causing effects than far-field strata because it is
closer to the coal seam and has higher strength. Therefore, it
can be inferred from the above analysis that it is more
important to treat the lower rock strata than the higher ones.

Advances in Civil Engineering

4.2. Characteristics of Strong Mine Tremors Energy Release.
Figure 12 shows the statistical curves of mine seismic energy
and also frequency and extraction location at panel 63up-
per06 from February 15, 2020, to November 29, 2020. The
large-energy mine tremors are mostly in the form of single
peaks, indicating that the strong tremors at panel 63upper06
have an individual character in Figure 12(a). There are no
significant energy and frequency changes in the source area
and the surrounding area before and after the occurrence of
strong tremors, reflecting more structural occlusion insta-
bility than instantaneous energy unsteadiness.

Strong tremors mainly occur in a range of 540 m in front
and behind the working face, which could affect up to 300 m
area in the direction of advancement and 240 m area in the
direction of the goaf. However, the unfavorable case is that
large-energy tremors occur near the extraction location of
the working face during the statistical time period, which
increases the risk of induced rock burst of disaster-causing
mine seisms.

The distribution law of the frequency and energy of mine
tremors in panel 63upper06 is shown in Figure 12(b) after
eliminating large-energy tremors (>105]). It could be seen
that there is a strong consistent frequency curve and energy
curve, which is similar to the trend of most mine regulations.
The statistical analysis of tremors in Dongtan coal mine
shows that large-energy seisms mostly occur in higher strata,
and small-energy seisms mainly occur in lower strata above
coal seams. The peak of the effect of the lower strata su-
perelevation is approximately at the position of 130 m, which
is the main area of concentrated mine seismic release, and
the farthest location that can be affected is 370 m.

As a result, strong mine tremors caused by the breakage
of the high-level roof at panel 63upper06 and small-energy
seisms occurring within the lower roof and coal are released
in two different types of energy. Strong tremors are dis-
tributed both in front and behind the working face, while
small-energy seisms are mainly distributed in front of the
working face. Considering the correlation between the far-
field rock strata and the near-field strata breakage, the
comprehensive determination of panel 63upper06 mining
supervision could have an influence on the range of about
350 m.

5. Study on the Mechanical Mechanism of
Strong Mine Tremors

It is generally believed that the harder the rock strata the
more difficult it is to fracture, but the breakage frequency of
red-bed sandstone is significantly higher. On the other hand,
it means that the overlying high red-bed is easier to be
fractured with the mining of No.6 mining area, which will
result in the high-energy mine tremors phenomenon. The
reason is that the red-bed is not hard but strong integrity and
large thickness exist in a close relationship. As shown in
Figure 13, most of the strong tremors that occurred in No.6
mining area of Dongtan coal mine are low-frequency-type
seisms. The average dominant frequency of strong mine
tremors at panel 63upper06 is found to be 2-4 Hz after
statistical analysis of the waveform of 25 seismic events. The
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waveform signal is commonly characterized by the long
fracture duration and less over-range, reflecting the weak
disaster-causing feature of strong tremors.

To further analyze and determine the mechanism of
strong tremor occurrence, the seismic signal in Figure 13 is
used as an example, and its source parameters are calculated

by geophysical methods (e.g., seismic moment, corner fre-
quency, circular source radius, and stress drop) [41-44]. It
could be seen that the longer the duration of seismic fracture,
the larger the circular source radius, and the smaller the
stress drop, which is the primary reason for the weak effect of
rock burst induced by strong red-bed type mine tremors. By
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FIGURe 13: Recording of strong tremor signals on November 30, 2020, at 09:41:49.
TABLE 1: Results of seismic source parameters solution.
Circular source radius ~ Corner frequency Seismic moment Seism Stress drop  Fracture duration
Date .
(m) (Hz) (N-m) magnitude (MPa) (s)
2020-11-
30 150 2.98 9.07E+11 1.97 0.12 0.34
09.41.49

environment to be generated. The preliminary inference is
ISO that it belongs to the red-bed structural instability type mine
tremor. The released energy originates mainly from the

gravitational potential energy of the red-bed (Table 1).
Based on the moment tensor inversion method to an-
alyze the focal mechanism [41, 45, 46], the solution results
are given in Figure 14. The results show that the red-bed
CLVD mine tremor contains both shear-fracturing and tensile-
fracturing components, and the comprehensive perfor-
mance is a mixed fracturing mechanism dominated by

tensile failure.

6. Conclusions

The mechanical mechanism of strong mine tremors is not
0 0.2 0.4 0.6 08 1 clarified under the mining of deep coal seam. In this paper,
F1GURE 14: The focal mechanism solution results of the strong mine based on numerical simulation, on-site microseismic
tremor on November 30, 2020, at 09:41:49. monitoring, and moment tensor inversion, the spatial dis-
tribution characteristic and mechanical mechanism of mine
tremors as well as the evolution law of overburden stress are
revealed. The following conclusions can be drawn:

comprehensive analysis of p-wave initial motion signals

recorded by 25 seisms, it is revealed that the weak initial (1) Three key layers could be determined between the
motion of red-bed type seismic signals is consistent with the surface and coal seam by comprehensive analysis of
low stress drop. The results indicate that red-bed type strong the stratigraphic structure in No.6 mining area of

mineral seismicity may not require a high stress Dongtan coal mine. The numerical simulation results
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indicate that a large amount of energy is accumulated
in the thick and hard rock strata above the coal seam,
which provides the energy basis for the rock layer
fracture to generate strong mine tremors.

(2) Most of strong mine tremors occur in front of the
extraction location at the panel, and there is a ten-
dency to transfer to the goaf. It shows that the strong
seism at panel 63upper06 is dominantly affected by
the local area overburden structure. Meanwhile,
large-energy mine tremors are concentrated in the
high-level key layer, but a little occurs in the lower
key layer.

(3) Mismatch between the position of high-energy mine
seismic release and microseismic accumulation is
seen by analyzing the distribution of high-energy
and low-energy mine tremors as the working face
extraction. It means that there is no elastic energy
accumulation in the lower surrounding rock mass
before the occurrence of strong mine tremors. It
highlights that the red-bed breakage presents
structural occlusion instability rather than instan-
taneous energy unsteadiness, which brings great
difficulties to the early warning of large-energy
seisms.

(4) The red-bed type strong mine tremor has the
characteristics of large circular source radius, long
fracture duration, small corner frequency, weak
p-wave initial motion, low stress drop, and no di-
saster-causing property in Dongtan coal mine. This
suggests that the huge thick and low-strength red-
bed is easily fractured on the large scale. Seism events
belong to the strong mine tremor of structural in-
stability dominated by tensile failure.
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To improve the prediction accuracy of tunnel excavation groundwater inflow, a prediction method based on a horizontal di-
rectional drilling geological survey is proposed. It relies on the monitoring and statistical analysis of groundwater inflow into a
horizontal directional drilling survey borehole. Moreover, it is based on Goodman’s empirical back-calculation for the sur-
rounding rock penetration coefficient and uses the groundwater dynamics method to predict the amount of inflow into the tunnel
excavation. On the basis of an analysis of the Tianshan Shengli Tunnel, the following conclusions were obtained: the tunnel
excavation groundwater inflow prediction method based on a horizontal directional drilling geological survey borehole can be
used to obtain the permeability coefficient value of the surrounding rock, which can be used in the groundwater dynamics method
to improve the prediction accuracy; the groundwater runoff modulus method and the atmospheric precipitation infiltration
method underestimate the prediction results for tunnel groundwater inflow; and the groundwater dynamics calculation results
based on the horizontal survey hole prediction method are more reliable. Goodman’s empirical formula was used to predict
normal groundwater inflow within the 2,271 m length from the tunnel entrance: the normal groundwater inflow into the right
tunnel was approximately 6,441 m*/d, and the maximum groundwater inflow was approximately 19,323 m*/d. When the tunnel
crosses the fault zone, the groundwater inflow increases significantly. The normal groundwater inflow per unit footage is ap-
proximately 7.30 m*/(d-m), and the portion of the tunnel that crosses the fault zone is a medium to strong water-rich section.

1. Introduction

With the launch and implementation of a series of national
strategic plans such as the Sichuan-Tibet Railway and
Western Development in China, the construction of tunnel
projects in China has entered a new period of growth [1].
However, the high altitudes and the necessary burial depths
for ultra-long tunnel construction in mountainous areas
pose various difficulties, such as problems associated with
sudden water surges, e.g., property losses and casualties.
These difficulties in tunnel design and construction safety are
mainly due to a lack of accurate information regarding the
groundwater in the rock surrounding tunnels. Therefore, it is
important to carry out research on the prediction of
groundwater inflow in tunnels. Many domestic and foreign
scholars have carried out research on the prediction of
tunnel groundwater inflow using empirical calculations,

analytical solutions, numerical analyses, and other methods
to calculate tunnel groundwater inflow [1-3].

In the 1850s, deep pressurized water was developed and
utilized, and scholars began to study cross-flow recharge.
Goodman et al. [4] proposed a method to calculate the
amount of groundwater inflow from the surrounding rock
based on the theory of seepage wells, and later, Tani derived
an analytical solution for groundwater inflow from the
surrounding rock [5]. Hwang and Lu [6] gave a semi-
analytical solution for predicting the amount of ground-
water inflow considering the decline in groundwater caused
by tunnel construction. Farhadian and Katibeh [7] devel-
oped a new empirical model using multiple regression
analysis to evaluate groundwater inflow into circular tun-
nels. Chen [8] studied the calculation of subsurface unsteady
well flow in a stratified, heterogeneous unconfined aquifer.
He [9] constructed a tunnel water influx prediction model
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based on the correlation coefficient method and limit
learning machines as the theoretical basis. Zhou et al. [10]
constructed an optimized combination prediction model of
tunnel water influx based on a variety of single prediction
models. Wang et al. [11] used the “round island model” and
mapping principle as the theoretical basis to derive the
prediction formula of tunnel water influx under the action of
a permeable interlayer. Fu et al. [12] carried out a study on
the prediction of tunnel surge based on angle-preserving
mapping in the fault-affected area. The existing theories and
measurement methods are mainly based on vertical drilling
to predict groundwater inflow. But how to optimize the
formula and parameter values to apply to the horizontal
borehole is still in the initial stage.

At present, predicting tunnel groundwater inflow mainly
uses methods involving traditional vertical borehole geological
surveys and tunnel geological prospecting. However, the tra-
ditional vertical borehole survey method is difficult to im-
plement in high-altitude areas with treacherous terrain and
inconvenient traffic. Moreover, it is characterized by low survey
efficiency, high comprehensive costs, and a long construction
cycle, and, owing to the survey borehole layout, it is easy to
“miss” details. The method of tunnel geological prospecting can
only obtain geological information within 30-100m of the
front of the tunnel construction section, which is not ideal
considering the tunnel’s construction speed. To this end, Ma
et al. [13] proposed a geological survey technology, a long-
distance horizontal directional drilling tunnel, for high-altitude
mountainous conditions, which can turn the “a hole in the
ground” of traditional vertical borehole geological survey
methods into a blind spot-free survey along the tunnel axis.
This is very helpful in terms of fully and accurately revealing the
groundwater inflow and geological conditions of fault zones
along the proposed tunnel. On this basis, this paper proposes a
tunnel excavation surge prediction method based on the
horizontal directional drilling geological survey technology,
which is good for use with the groundwater dynamics method
in terms of providing the surrounding rock permeability co-
efficient values and improving the accuracy of the tunnel
excavation surge prediction.

2. Common Methods for Predicting Tunnel
Water Surges

2.1. Groundwater Runoff Modulus Method. First, we assume
that the modulus of underground runoft is equal to the
modulus of surface runoff. Then, according to the infiltration
of atmospheric precipitation required to recharge the flow of
falling springs or the flow of rivers that are recharged by
groundwater, the surface runoff modulus of the tunnel is
determined, which is the subsurface runoff modulus of the
tunnel basin. Thereafter, the catchment area of the tunnel is
determined, and one can approximately predict the normal
amount of water in the tunnel.

Q=MA, (1)
Here, Q is the amount of groundwater surge (m’/d); M is the

basin underground runoff modulus (m?/d-km?); and A is the
catchment area of the proposed tunnel (km?).
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2.2.  Atmospheric  Precipitation Infiltration —Method.
According to the average annual precipitation in the vicinity
of the tunnel, the catchment area, the topography, the
vegetation, the geology, and the hydrogeological conditions
are utilized to select a suitable empirical precipitation in-
filtration coeflicient value. This can be used to approximately
predict the normal amount of water discharged from the
tunnel. The formula for calculating the amount of water in
the tunnel is as follows:

Q, = 2.74aW A, (2)

where Q is the atmospheric rainfall recharge (m>/d); « is the
precipitation infiltration coefficient; W is the multiyear
average precipitation (mm); and A is the catchment area
(km?).

2.3. Groundwater Dynamics Method. The groundwater dy-
namics method is a conventional hydrogeological calcula-
tion method based on the principle of groundwater
dynamics. It utilizes the mathematical analysis of ground-
water movement under a given boundary value and the
initial value conditions to establish the analytical formula
and to predict the amount of tunnel groundwater inflow.
After the method generalizes the hydrogeological model, it is
fast and practical. Scholars have studied many related tunnel
surge predictions from empirical formulae, the most com-
mon being the Oshima Yoshi formula, the Sato Bangming
formula, the Lokhe Toshiro formula, the Kosgakov formula,
the Gilinsky formula, the Forschheimer formula, and the
Chinese empirical formula [14-16]. A part of the analytical
method of the calculation formula is shown in Table 1.

At present, the groundwater dynamics method is one of
the most effective for predicting tunnel groundwater inflow,
and the principle is simple and easy to apply. However, the
application of this method requires a series of calculation
parameters, and these parameters are obtained from on-site
experiments, which are difficult for ultra-long tunnel
projects with high altitudes and large burial depths, so we
can only refer to the empirical values.

3. Prediction Method of Groundwater Inflow in
a Tunnel Based on a Horizontal
Survey Borehole

3.1. Horizontal Directional Drilling Geological Survey
Technology. Horizontal directional drilling (HDD) is a
trenchless, pipe-laying technology that uses anchored dril-
ling equipment to drill into the ground at a small angle of
incidence relative to the ground surface, which forms a pilot
hole. It then resizes the pilot hole to the required size and
loads the pipe (line) into the hole by back-dragging and the
traction of the drilling rig [3, 17]. This technology is widely
used in municipal, oil, and gas projects and other pipeline
construction industries, and it has the advantages of fast
construction speed, low cost, and minimal environmental
disturbance as compared with other trenchless pipe-laying
technologies [18, 19].
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TaBLE 1: List of formulae for the prediction and calculation of the groundwater inflow analytical method.

Method Formula

Scope of application Definition of the symbols

Kosgakov formula  Q, = (2aKHL/InR —Inr)a = (n/2) + Hy/R

Q —predicted stable-state water influx
through the tunnel through the aquifer
(m?/d); K—permeability coefficient of the
rock (m/d); Hy—distance from the
original static-state water level to the
center of the equivalent circle of the cave-
body cross section (m); S—depth of
groundwater level drop (m); L—tunnel
through the length of the aquifer (m);
R—tunnel surge radius of influence (m);
r—equivalent circle radius of tunnel cross
section (m); (single tunnel application to
take the value of 3.5m, double tunnel
application to take the value of 7m).

Tunnels through
phreatic aquifers

Goodman’s

empirical formula Qo = L27kH/In (4H1d)

Q o—predicted maximum surge into a
tunnel through the aquifer (m?/);
L—tunnel through the length of the
aquifer (m); K—permeability coefficient
of the rock (m/d); H—vertical distance
from the original static-state water level to
the equivalent circle center in the tunnel
cross section (m); d—diameter of the
equivalent circle of the tunnel body cross
section (m), d=2r.

Trans-ridge and
adjacent mountain
tunnels through
submerged water
bodies

Oshima Yoshi

formula Quax = 2mmK (H —r)L/In [4(H - r)/d])

Q max—predicted maximum possible
water surge through the tunnel within the
aquifer (m*/d); K—permeability
coefficient of the rock (m/d); H—vertical
distance from the original static-state
water level in the aquifer to the tunnel
floor (m); L—length of the tunnel through
the aquifer (m); d—equivalent circle
diameter of the tunnel cross section (m),
d=2r; m—conversion factor, generally
taken as 0.86.

Submerged aquifers

Empirical formula

for railway survey ¢, = 0.0255+ 1.9224KHq, = KH (0.676 — 0.06K)

procedures

q0—maximum surge predicted for the
tunnel through the aquifer (m>/d);
gs—normal surge predicted for the tunnel
through the aquifer (m’/d);
K—permeability coefficient of the rock
(m/d); H—vertical distance from the
original static-state water level to the
bottom of the tunnel distance (m).

Submerged aquifers

As shown in Figure 1, trenchless horizontal directional
drilling technology permits efficient guidance, directional
control, and long-distance drilling capabilities; thus, drilling
can be realized along a predesigned trajectory. The diameter
of the hole is determined according to the size of the test tool,
and the length of the hole is determined by combining the
preliminary survey results and the survey requirements. A
series of interrupted coring, hydraulic fracturing, integrated
logging, and in-hole TV tests can be carried out in the hole to
accurately investigate and measure the lithological param-
eters and the distribution of the ground stress field in the
surrounding rock [20]. This improves upon the detection
range of traditional tunnel geological prediction technology,
significantly increases the accuracy of the detection line,
provides more effective and accurate geological data for

FIGURE 1: Schematic diagram showing horizontal directional
drilling and tunneling for a geological survey.



tunnel construction, and effectively reduces the risk involved
in tunnel construction.

3.2. Prediction Method of Groundwater Inflow Based on a
Horizontal Survey Borehole. The borehole trajectory of the
horizontal directional drilling survey is generally consistent
with the centerline of the palm surface of the tunnel design
trajectory. This is because the tunnel design trajectory
generally has a herringbone slope, so the horizontal direc-
tional drilling survey in the tunnel entrance forms the survey
hole with a certain slope. In this manner, the borehole passes
through the water body exactly to provide a drainage path,
and the water flow from the survey hole is natural, as shown
in Figure 2.

On the basis of the horizontal directional drilling geo-
logical survey borehole, the method of predicting tunnel
excavation groundwater inflow relies on the monitoring and
statistical analysis of the groundwater inflow into the hor-
izontal directional drilling survey borehole. The ground-
water dynamics method is used to predict the tunnel
excavation groundwater inflow. This mainly involves the
following:

(1) The variation in water surges in the horizontal di-
rectional drilling survey boreholes and changes in
drilling footage are monitored and recorded.

(2) The weather conditions at the tunnel site area are
monitored and recorded.

(3) According to the aforementioned parameters, the
changes in groundwater inflow in the horizontal
directional drilling survey borehole are recorded.

(4) According to the changes in segmental groundwater
inflow into the survey hole, Goodman’s empirical
formula is used to back-calculate the permeability
coefficient of each segment, and then the ground-
water dynamics method is used to predict the tunnel
excavation groundwater inflow.

(5) According to the weather conditions in the tunnel
site area, the changes in the tunnel excavation
groundwater inflow are recorded and analyzed.

4. Case Study

4.1. Project Overview. Tianshan Shengli Tunnel is the longest
highway tunnel currently under construction. It is a sepa-
rated, two-way, four-lane, extra-long tunnel with a width of
11.0m and a height of 5.0 m. The length of the left tunnel is
22,105.00 m, and the maximum depth of the tunnel is ap-
proximately 1115.03 m; the length of the right tunnel is
22,006.7 m, and the maximum depth of the tunnel is ap-
proximately 1122.024m. The middle guide tunnel (the
service tunnel) is located between the left and right tunnels,
with a length of 22,054.5m and a width and height of
7mX5m.

The Tianshan Victory Tunnel crosses the Tianshan
Mountain Range, which is located in a high-altitude, Alpine
region with a harsh and variable climate and complex
geological conditions. According to the preliminary tunnel
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survey data, the Boroconu-Azikuduk Fracture (Bo-A
Fracture, F6), which exists approximately 1900 m from the
tunnel entrance, has long-term, active characteristics, and
the fracture fragmentation zone affects bedrock for a dis-
tance of approximately 300 m along the tunnel, which is a
controlling geological factor in the tunnel construction
process.

As shown in Figure 3, the horizontal directional drilling
technique was used for the tunnel survey, i.e., from the
tunnel entrance along the tunnel axis to the location of the
fault zone for the geological survey. It was combined with
intermittent coring, hydraulic fracturing, comprehensive
logging, in-hole TV, and other tests to analyze the litho-
logical distribution of rocks surrounding the borehole and
the occurrence of joint fissures. Furthermore, these tests
were used to monitor and quantify the groundwater inflow
into the horizontal directional drilling survey boreholes,
which was later used to predict the tunnel excavation
groundwater inflow.

4.2. Drill Hole Gushing Water. The final depth of the hor-
izontal directional drilling survey borehole for Tianshan
Victory Tunnel was 2271 m, and the relationship curve of
groundwater inflow in the borehole and the footage is shown
in Figure 4.

From January 17 to January 21, 2020, with the contin-
uous drilling of the borehole, the amount of groundwater
inflow in the borehole exhibited an increasing trend, and the
increment of groundwater inflow in the borehole was ap-
proximately 11 m*/h during the whole process, i.e., 293 m of
cumulative progress. Within the weathering zone at the
tunnel inlet, the rock layer was observed to be more frac-
tured, and the joints and fissures were relatively more de-
veloped. On 21 January, the drilling stopped, and on 22
January, the groundwater inflow in the borehole decreased
to 9 m>/h. On this day, the drilling was redirected. When the
cumulative drilling reached 530m on 26 January, the
groundwater inflow in the borehole suddenly increased to
18 m’/h at approximately 418 m. The drilling pressure was
reduced to a minimum of 5MPa at 410 m, and the drilling
speed increased to 20 m/h. At this point, the surrounding
rock was densely fractured, which is conducive to the col-
lection of surface water and groundwater, thus the
groundwater inflow increased significantly.

On 26 January, the drilling stopped, and the ground-
water inflow gradually decreased. On 1 February, the drilling
continued, and by 4 February, the drilling had reached
634 m. Here, the groundwater inflow first increased, then
slowly decreased and stabilized at approximately 8 m>/h.
Similarly, when the drilling reached 1003 m, the ground-
water inflow first increased, then slowly decreased and
stabilized. After a cumulative drilling footage of 1003 m, the
groundwater inflow continued to increase significantly,
reaching a peak of approximately 35 m*/h at about 2028 m.
This was caused by a survey borehole moving through the
core section of the Boa fault zone. Then, the survey borehole
moved into a dense granite, and the groundwater inflow
dropped to a minimum of approximately 14 m>/h. At the
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FIGURE 2: Natural water flowing from the survey hole (vertical view).
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FIGURe 3: Geological survey site of the horizontal directional
drilling tunnel.

end of the borehole, the survey borehole groundwater inflow
suddenly increased and then decreased, perhaps due to the
weather.

4.3. Parameter Values. The tunnel site is located in the
tectonic denudation of a high mountain landscape area,
characterized by glaciers and glacial landform development,
large topographic relief, and strong rock weathering and
deposition, mainly from the ice and water accumulation in
debris soil.

The stratigraphy of the tunnel site area is mainly Qua-
ternary alluvial pebbles (Q} "l " avalanche slope accumu-
latlon rubble (Q”dl) ice and water accumulation rubble
(Qi ) Devoman upper Tianger Group gray-green tuffaceous
sandstone (D5°), middle Yuan Dynasty (Pt,), Jixian System
Kawabrak Group II (Jxk?) gray-brown metamorphic sand-
stone, sandy slate, dacite; middle Yuan Dynasty (Pt,) Great
Wall System Xingxingxia Group (CHx) gray-green quartz
schist, gneiss and Hualixian intrusive light flesh-red granite
porphyry (y2?H) gray-white granite, granite amphibolite
(nypH), Garridonian intrusive gray-white granite

amphibolite ()/651 Q, y(f Q), and Jinning Movement intrusive
gray gneissic amphibolite (tng,H).

The climate of the area in which the tunnel site is located
is a typical temperate continental arid climate, with a high
mountain cold zone and glaciers. The surface water system is
mainly composed of the Urumgi River and the Ulastai River.
Groundwater is recharged mainly from atmospheric pre-
cipitation and alpine ice and snow melt.

The topographic and geomorphological conditions of
the tunnel site area, the lithological characteristics of the
strata, and the distribution and hydraulic head of ground-
water in the aquifer were considered to determine the choice
of groundwater runoff modulus method: the atmospheric
precipitation infiltration method, the Kosgakov formula, the
empirical railroad formula for the tunnel normal ground-
water inflow prediction, the choice of Goodman’s empirical
formula, the Oshima Yoshi formula, and the empirical
railroad formula for the tunnel maximum groundwater
inflow prediction.

4.3.1. Groundwater Runoff Modulus M. According to the
reports “Groundwater Resources in Xinjiang” and
“Hydrogeological Survey Report of Tianshan Shengli Tun-
nel,” the groundwater runoff modulus in the mountainous
area of the Ulastai basin is 134.24 m*/d-km? the ground-
water runoff modulus in the mountainous area of the
Urumgqi River is 216 m>/d-km?, and the groundwater runoft
modulus in the mountainous area of the Alagou River basin
is 99.4 m’/d-km”.

4.3.2. Atmospheric Precipitation Infiltration Coefficient a.
According to the preliminary survey data, the rock layer at
the Boa fault is extremely fractured, the fracture right-hand
misalignment is large, there is a long-term activity, and there
is abundant mud and sand fill. Using tunnel engineering
experience, the empirical value for the Boa fault zone pre-
cipitation infiltration coefficient was determined at 0.40.
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FIGURE 4: The relationship curve of groundwater inflow in the borehole and the footage.

Moreover, for the tunnel plan projection in the geomor-
phological unit, i.e., climate zoning, a =0.15~0.40.

4.3.3. Water Hydraulic Head H. The vertical drilling in-
formation and the distribution of rivers in the tunnel site
area were combined to determine the groundwater level, and
H was used to establish the average difference in hydraulic
head between the borehole level and the groundwater level.

4.3.4. Permeability Coefficient K. From the previous
hydrogeological tests and horizontal directional drilling
survey borehole, the site data were used to establish the value
of the permeability coefficient K. When no site survey data
are available, the Hydrogeology Manual (Second Edition) [20]
and similar projects on the permeability coeflicient K can be
used to establish the empirical value. As shown in Figure 4,
considering the above analysis of the groundwater inflow
into the horizontal directional drilling borehole, the drilling
footage was divided into seven sections using Goodman’s
empirical back-calculation of the permeability coefficient
value for each section. The calculation results are shown in
Table 2.

Because the seventh section of the survey hole
groundwater inflow was affected to a large extent by weather
factors, the permeability coefficient K value was established
with reference to the vertical hole prehydrogeological test
results. The permeability coefficient values of different
lithological sections are shown in Table 3. In the fracture
fragmentation zone and its influence zone, the permeability
coeflicient of the stratum increases significantly. Owing to a
lack of relevant data on the permeability performance of the
fault zone in the evaluation area, empirical values were
adopted for the permeability coefficients in this area. In
addition, the permeability coefficient values for the fault
zone and its influence zone decrease with an increase in
burial depth. The permeability coeflicient values for the Boa
fault and other fractures at different burial depths are shown

in Table 4. These are based on the results of existing
hydrogeological tests and the characteristics of the perme-
ability performance of the fault zones.

According to the vertical distribution characteristics of
the permeability properties of the fault zone, the fault zone is
regarded as composed of laminated strata with different
permeabilities in the vertical direction. Thus, the equivalent
permeability coefficient K of the fault zone when the
groundwater flows perpendicular to the direction of the level
under the tunnel burial depth condition was calculated using
the following equation:

Yo M;

=, 3
E:Z:ljxqi/ici ( )

where M; and K; are the thickness (m) and permeability
coefficient value (m/d), respectively, of the ith stratum.

4.3.5. The Depth of the Groundwater Level Drop S.
Previously, when calculating the tunnel surge, for the import
section and export section of the weathered zone and
through the gully zone, the difference in the hydraulic head S
was often taken as the distance from the groundwater level to
the tunnel floor. For the deep-buried belt, the formula
proposed by Wan [21] was used to calculate the reduction in
S with depth:

sS=(1-¢")H, (4)

where K is the permeability coefficient (m/d) and H is the
water head height (m).

4.3.6. Radius of the Area of Influence R. For the weathered
zone and the valley-crossing zone, the radius of influence R
was delineated according to the topography. For the bedrock
section, it was determined according to the formula rec-
ommended by the Regulations for Hydrogeological Inves-
tigation of Railway Engineering (TB 10049-2014) [14]:
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TaBLE 2: Permeability coefficient of each section of the horizontal directional drilling exploration borehole, based on Goodman’s empirical
back-calculation.

Serial of drilling ~ Range of Increment of Height of Diameter of  Length of  Permeability

seaments depth (m) Construction groundwater hydraulic the drilled  water-bearing coefficient K
& P inflow Q (m*/h) head H (m) hole d (m)  Body L (m) (m/d)

® 0-293 Weathered zone 11 17.5 0.25 263 0.0514

@) 293-530  Through the gully zone 9 50 0.25 125 0.0368

® 530-634 Deep buried zone 2 150 0.25 112 0.0035

©) 634-1003 Deep buried zone 4.29 300 0.25 369 0.00125

® 1003-1900 Deep buried zone 17.19 400 0.25 897 0.0016

® 1900-2102 Deep buried zone 13.41 400 0.25 128 0.0088

TaBLE 3: Table of hydrogeological test results.

Serial Number of drilled holes  Stakes of the mileage Lithology of the strata Permeability coefficient (m/d)

1 SZKO01 ZK75 + 866 right 15.6 m Tuffaceous sandstone 8.406x107*

2 SZK02 YK79 + 361 right 272.7m Medium-weathered granite, quartz schist 2.714x107°

3 SZKO03 YKS81 + 356 right 195m Quartz schist 2.819x107°

4 SZK04 ZK84 + 140 left 40 m Granite 9.89x107*

5 SZKO05 ZK87 +248.7 left 40 m Granite 9.26x107*

6 SZK06 YK93 + 300 right 120 m Quartz schist 5471 x 1072

7 SZK07 7ZK93 +493.5 left 100.5m Quartz schist 4321x107°

TaBLE 4: Permeability coefficient values of the tunnel passing through the fault zone and the surrounding rock in the affected zone.

Tunnel depth (m) <80m 80~150m 150~250 m 250~350 m >350 m

Permeability coefficient of Bo-A fault zone (m/d) 0.5 (experience value) 0.2 0.05 0.01 0.005

Permeability coefficients of other fault zones (m/d) 0.1 (experience value) 0.05 0.01 0.005 0.002
R = 215.5 + 510.5K, (d-m), and the maximum amount of groundwater inflow per

B IR (5) unit footage is located in the Bo-A fault zone (F6).

where R denotes the groundwater inflow on the side of the
tunnel affecting the width (m); K denotes the permeability
coefficient of aquifers (m/d); and B denotes the inflow of
water on both sides of the tunnel affecting the width (m).

For the fault zone, the Kusakin formula was used to
calculate the parameters related to the radius of influence R,
including the aquifer thickness H and the permeability
coefficient K:

4.4.2. Atmospheric Precipitation Infiltration Method. The
distance from the tunnel’s entrance totaled 2271 m. On the
basis of the atmospheric precipitation infiltration method
for the right tunnel, the predicted water surge values are
shown in Table 6. The total groundwater inflow into the right
tunnel based on the atmospheric precipitation infiltration
method was 1480.35 m’/d. The average groundwater inflow
into the tunnel per unit footage was 0.9094 m?/(d-m), the
R = 2HVHK. (6) minimum Va13ue was 0.098 m’/(d-m), the maximum value
was 5.147m’/(d'm), and the maximum amount of
groundwater inflow per unit footage is located in the Bo-A
fault zone (F6).
4.4. Analysis of Results

4.4.1. Groundwater Runoff Modulus Method. The distance  4.4.3. Groundwater Dynamics Method. The distance from
from the tunnel’s entrance totaled 2271 m. On the basis of  the tunnel’s entrance totaled 2271 m. On the basis of the
the groundwater runoff modulus method for the right  groundwater dynamics method for the right tunnel, the
tunnel, the predicted groundwater inflows are shown in  predicted water surge values are shown in Table 7. Taking the
Table 5. The total groundwater inflow of the right tunnel  right tunnel as an example, the normal groundwater inflow
based on the groundwater runoff modulus method was  obtained by Goodman’s empirical formula, the Kosgakov
618.7 m*/d. The average groundwater inflow into the tunnel ~ formula, the empirical railway formula, and the Oshima
per unit footage was 0.3575 m’/(d-m), the minimum value ~ Yoshi’s formula were 6441, 7593, 3313, and 4937 m’/d,
was 0.0933 m®/(d'm), the maximum value was 1.7643 m>/ respectively.
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TaBLE 5: Prediction of groundwater inflow into the right tunnel based on the groundwater runoff modulus method.
. Catchment Groundwater Groundwater
Serial ~ Segmented mileage Length Grzu?dwatgf(éinog ‘szladms 0; area A inflow Q; inflow perunit
(m) modulus m™/(d-km’)  influence (km?) (m*/d) footage g m>/(d-m)

1 YK75+815 YK75+948 133.0 216.0 215.9 0.057 12.4 0.093

2 YK75+948 YK76 + 015 67.0 216.0 241.7 0.032 7.0 0.104

3 YK76 + 015 YK76 +063 48.0 216.0 241.7 0.023 5.0 0.104

4 YK76 + 063 YK76+168  105.0 216.0 217.3 0.046 9.9 0.094

5 YK76+168 YK76+265 97.0 216.0 1471.31 0.285 61.7 0.636

6 YK76 +265 YK76+580  315.0 216.0 266.20 0.168 36.2 0.115

7 YK76+580 YK76 + 660 80.0 216.0 1297.57 0.208 44.8 0.561

8 YK76 + 660 YK77+273  613.0 216.0 216.1 0.265 57.2 0.093

9 YK77+273 YK77+408 135.0 216.0 2558.09 0.691 149.2 1.105

10 YK77+408 YK77+565 157.0 216.0 216.9 0.068 14.7 0.094

11 YK77 +565 YK77 + 591 26.0 216.0 218.3 0.011 2.5 0.094

12 YK77+591 YK77+743 152.0 216.0 218.3 0.066 14.3 0.094

13 YK77 +743 YK77+839 96.0 216.0 3838.17 0.737 159.2 1.658

14 YK77+839 YK77+904  65.0 216.0 216.9 0.028 6.1 0.094

15 YK77+904 YK77+994 90.0 216.0 216.9 0.039 8.4 0.094

16 YK77+994 YK78+019  25.0 216.0 2199.56 0.110 23.8 0.950

17 YK78+019 YK78+086 67.0 216.0 216.9 0.065 6.3 0.094

TABLE 6: Prediction of groundwater inflow into the right tunnel based on the atmospheric precipitation infiltration method.
‘ Leneth  Infiltration ?Vr;?:ai Radius of Catchment Groundwater  Groundwaterinflow
Serial Segmented mileage 8 . . 8 influence 2, inflow Q; (m®/ perunit footage g m?/
(m)  coefficient « rainfall area A (km®)
R (m) d) (d'm)
(mm)

1 YK75+815 YK75+948 133.0 0.25 550.0 241.7 0.064 24.23 0.182

2 YK75+948 YK76+015 67.0 0.25 550.0 241.7 0.032 12.20 0.182

3 YK76+015 YK76+063 48.0 0.25 550.0 241.7 0.023 8.74 0.182

4 YK76 + 063 YK76+168 105.0 0.25 550.0 217.3 0.046 17.19 0.164

5 YK76+168 YK76+265 97.0 0.4 550.0 1471.31 0.285 172.06 1.774

6 YK76 +265 YK76+580 315.0 0.2 550.0 216.1 0.136 41.04 0.130

7 YK76+580 YK76+660  80.0 0.4 550.0 1297.57 0.208 12515 1.564

8 YK76 +660 YK77+273 613.0 0.2 550.0 216.1 0.265 79.87 0.130

9 YK77 +273 YK77+408 135.0 0.4 550.0 2558.09 0.691 416.34 3.084

10 YK77 +408 YK77+565 157.0 0.2 550.0 216.9 0.068 20.53 0.131

11 YK77 +565 YK77+591  26.0 0.2 550.0 218.3 0.011 3.42 0.132

12 YK77+591 YK77+743 152.0 0.2 550.0 218.3 0.066 20.00 0.132

13 YK77 +743 YK77+839  96.0 0.4 550.0 3838.17 0.737 44422 4.627

14 YK77 +839 YK77+904  65.0 0.2 550.0 216.9 0.028 8.50 0.131

15 YK77+904 YK77+994  90.0 0.2 550.0 216.9 0.039 11.77 0.131

16 YK77+994 YK78+019  25.0 0.4 550.0 2199.56 0.110 66.29 2.652

17 YK78+019 YK78+086 67.0 0.2 550.0 216.9 0.065 8.8 0.131

By comparing the calculation results of the ground-
water runoff modulus method, the atmospheric precipi-
tation infiltration method, and the groundwater dynamics
method, it can be seen that the inflow values obtained by
the groundwater runoff modulus method and the atmo-
spheric precipitation infiltration method were under-
estimated. This is because the groundwater runoff modulus
method and the atmospheric precipitation infiltration
method are essentially water equilibrium methods, and it is
difficult to obtain accurate data for various parameters.
Moreover, the two methods do not consider the impact of
steady-state groundwater reserves on tunnel groundwater

inflow, nor can they adequately characterize the impact of
fault zones. Therefore, the calculation results of ground-
water dynamics based on the horizontal survey hole pre-
diction method were more reliable. In the groundwater
dynamics method, the results between the various calcu-
lation formulae were also quite different, with the com-
prehensive comparison indicating that the normal
groundwater inflow obtained by Goodman’s empirical
formula is superior, as the maximum groundwater inflow
was three times the normal inflow.

The changes in groundwater inflow during the hori-
zontal directional drilling of the survey borehole into the Boa
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fault are shown in Figure 4. It can be seen from the following
figure:

(1) When drilling close to the Boa fault zone, the
groundwater inflow during drilling began to increase
significantly from 1003m to 1616 m (area I); the
groundwater inflow increased by 6 m>/h, and for
every 100m drilled, the groundwater inflow in-
creased by approximately 1 m’/h.

(2) After crossing the Boa fault, the groundwater inflow
increased significantly from 1616 m to 2020 m (area
IT); the groundwater inflow increased by approxi-
mately 20m’/h, and for every 100m drilled, the
groundwater inflow increased by approximately
5m?/h.

(3) The source of groundwater inflow in the Boa fault
zone is mainly steady-state groundwater reserves,
and the recharge is not smooth, which was observed
when the horizontal drilling reached 2159 m (area
III). In addition, the groundwater inflow in the whole
section was reduced to 14 m>/h.

(4) After 2159 m (area IV), as a result of the frequent
rainfall and snowfall and the temperature rise, a
significant increase in the flow of water in the ditch
was observed in the shallow burial section of the
tunnel inlet section at 500 m. In addition, the water
in the ditch replenishes groundwater, causing a
significant increase in the amount of groundwater
inflow from the horizontal directional drilling
borehole survey.

For the distance within 2271 m from the entrance of the
tunnel, the predicted value of the normal groundwater in-
flow into the right tunnel and the water-rich partition are
shown in Table 8. The normal groundwater inflow into the
right tunnel was approximately 6441 m*/d, and the maxi-
mum groundwater inflow was approximately 19,323 m>/d.
When the tunnel crossed the fault zone, the groundwater
inflow increased significantly, where the normal ground-
water inflow per unit footage along the F6 Boa fault zone was
approximately 7.30m’/(d-m). The section in which the
tunnel crosses the fault zone is a medium to strong water-
rich section, so during the tunnel construction process, it is
necessary to do advanced geological forecasting, advanced
pregrouting, water blockage prevention, and water inrush
prevention. In addition, the tunnel crosses the glacier and
permafrost zones. In the spring, as the temperature rises, the
melting of snow and ice will lead to an increase in tunnel
groundwater inflow, which needs to be prevented.

5. Conclusions

With the application and development of horizontal direc-
tional drilling technology for ultra-long-distance tunnels in
mountainous areas at high altitudes and with large burial
depths, it is necessary to improve the accuracy in predicting
the surge of groundwater into the tunnel excavation.
Therefore, in this paper, we propose a method for predicting
the groundwater inflow into tunnels based on horizontal

11

exploration boreholes. On the basis of a geological survey of a
horizontal directional drilling borehole, we carried out re-
search predicting groundwater inflow into a tunnel excava-
tion. Using an analysis of the Tianshan Victory Tunnel Project
as our foundation, our main conclusions are as follows:

(1) The method for predicting the amount of ground-
water inflow in tunnel excavation based on hori-
zontal directional drilling boreholes can provide the
permeability coeflicient value of the surrounding
rock, which can be used in the groundwater dy-
namics method and can improve the prediction
accuracy. Additionally, it is still suggested to use
redesigned packers to obtain more accurate
groundwater inflow data for a controlled horizontal
borehole, which is more practical for engineering
design and construction.

(2) The prediction results of the groundwater runoff
modulus method and atmospheric precipitation
infiltration method regarding the overall amount of
groundwater inflow in tunnels are low, and the
calculation results of groundwater dynamics based
on the horizontal survey hole prediction method are
more reliable.

(3) Using Goodman’s empirical formula to predict
normal groundwater inflow along the 2271 m dis-
tance from the tunnel entrance, the normal
groundwater inflow into the right tunnel was ap-
proximately 6441 m’/d, and the maximum
groundwater inflow was approximately 19,323 m’/d.

(4) When the tunnel crosses the fault zone, the
groundwater inflow increased significantly, as the
normal groundwater inflow per unit of the F6 Boa
fault zone is approximately 7.30 m*/(d-m). The zone
in which the tunnel crosses the fault is a medium-to-
strong water-rich section;

(5) During the tunnel construction process, it is necessary
to do advanced geological forecasting, advanced
pregrouting, water blockage prevention, and water
inrush prevention near the fault zones. In addition,
the tunnel crosses the glacier and permafrost zone. In
the spring, as the temperature rises, melting snow and
ice will lead to an increase in tunnel groundwater
inflow, which needs to be prevented.
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The aim of the study is to further understand the rule of conversion of bottom hole pressure of a vertical well in a dual-permeability
reservoir, which is about the dual permeability under different outer boundary (infinite, close, and constant value) conditions.
However, there are few articles dealing with the model of a vertical well in a dual permeability reservoir under these three different
outer boundary conditions. Hence, the paper proposes a model of a vertical well in a dual permeability reservoir under three outer
boundary conditions. The model is solved with a Laplace space equation. We find the solution to the model that has a similar
structure under three different outer boundary conditions by combining it with the similar structure theory. Therefore, we put
forward a similar constructing method (SCM) that solves our model. The concrete steps of the SCM are given in this paper. At the
same time, we draw the curves of the bottom hole pressure and pressure derivative using the modified Stehfest inversion formula
and MATLAB software. In addition, we investigate the evolution of the pressure by changing the parameters (mobility ratio K,
storability ratiow, and crossflow coefficient]). The solution to such a reservoir model obtained in this paper could be used as a basis
for analyzing other typical reservoirs with vertical wells.

1. Introduction

The dual media is one of the largest storage formations in
the world, and it is mainly composed of fracture and
matrix media. Fluid flow in dual media can be treated in
two kinds of models. One is the dual-porosity media
model (Figure 1(a)), and the other one is the dual per-
meability media model (Figure 1(b)). In dual-porosity
media, the fluid is stored in the matrix and flows into a
wellbore through fractures, with a cross-flow from the
fractures to the matrix, while in the dual permeability
media model, the fluid flows into the wellbore not only
from the fracture media but also from the matrix media,
with a cross-flow between these two systems. Hence, the
dual permeability is much more complicated than the
dual-porosity media model. If we let the permeability of
the dual permeability media model be equal to zero, then
the dual permeability media model becomes the dual-

porosity media model. Thus, the dual-porosity media
model can be considered as a special case for the dual
permeability media model.

The study on dual permeability is mainly based on dual
porosity and dual permeability. As regards the dual porosity
model for horizontal wells, in 1988, Rosa and Carvalho [1]
calculated the dynamic downhole pressure of horizontal
wells in dual-porosity media by using the Stehfest Laplace
transformation of the horizontal wells, which are widely
used in the development of oil and gas reservoirs [2-8] with
the progress in drilling and completion technologies. In
1994, a solution to the transient fluid flow of horizontal wells
in a fractured dual porosity reservoir in Laplace space was
obtained by Liu and Wang [9]. In 2012, Guo et al. studied the
dual permeability flow behavior for modeling horizontal
well production in fractured vuggy carbonate reservoirs [10].

In regards to the dual permeability model, in 1985,
the solution to the vertical model under the outer
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FiGURE 1: The sketch of the dual media. (a) Dual-porosity media; (b) dual permeability.

boundary infinite was first obtained through the Laplace
transformation by Bourder [11]. In 1995, Liu and Wang [9]
obtained the solution of the transient flow of slightly
compressible fluid in the 2-D space, which provided a
theoretical basis for related well test analyses. In 2006, the
transient pressure in the dual permeability media of a shear-
sensitive reservoir was studied by Tian and Tong [12]. In
2006, Hi and Tong [13] analyzed the effect of wellbore
storage on bottom hole pressure in deformable dual per-
meability media by setting a mathematical model. In 2008,
Liu [14] analyzed all kinds of reservoirs through the model
curves under infinite boundary conditions in his literature.
In 2010, Kong [15] obtained the solution of the vertical well
in the dual permeability reservoir of signal and double layers
by using Laplace and Weber’s transformation and drew out
the well test curve.

However, all the above studies are mainly based on the
infinite outer boundary conditions, ignoring the close
and constant outer boundary conditions. In 2004, the
solution of a similar structure to the differential equation
as a boundary value problem was put forward [16]. The
influence of joints on the permeability and mechanical
properties of rocks has been studied in some literature
[17-19]. There were a lot of studies [20-26] about the
vertical dual permeability reservoir under three different
outer boundary conditions (infinite, close, and constant
value). However, the studies in the references just stay at
the math level, which cannot meet the demand of the well
test analysis. Therefore, on the basis of the previous study,
we set a model of a vertical well in the dual permeability
reservoir under three outer boundary conditions
(infinite, close, constant value) and solved the model in
Laplace space. We found that the solution to the model
has a similar structure under three different outer
boundary conditions by combining with the similar
structure theory. Hence, we put forward the SCM, and the
concrete steps of the SCM are given in this paper. At the
same time, we drew the curves of the bottom hole
pressure and pressure derivative by using the modified
Stehfest inversion formula and MATLAB software. We
observed and analyzed the change law of the curves by
changing the mobility ratioK, storativity ratiow, and
cross-flow coeflicientA. The solution to such a reservoir
model obtained in this paper includes and improves the
previous results and may then be used as a basis for
analyzing other typical reservoirs with vertical wells.

2. Dimensionless Mathematics Model

The well is regarded as a point source in the paper, and
supposing the outer boundary is a circular boundary.
Therefore, according to [15], we can obtain the dimen-
sionless mathematics model of the dual permeability res-
ervoir as follows:

The seepage differential equation is as follows:

1 0 oP,p oP,,
K—— P,y —Pp) = )
rp Orp <rD orp )+A( b 1) =@ ot
1<rp<Rp,tp>0,
(1)
oP opP
(1—K)(r 2D>—A P,,—P,p) = (1 - w)—=22,
D ar ( 2D ID) atD

1<rp<Rp,tp>0,

where P is the reservoir pressure, MPa; t is the time, h; r
represents any point in the reservoir at the radial distance of
the well, m;R is the outer boundary radius, msk is the
permeability, um*w is storability ratio, dimensionless; Ais
the cross-flow coeflicient, dimensionless.

Initial condition is as follows:

Pyp(rp,0) = Pyp (rp,0) = 0. )
Inner boundary condition is as follows:

oP oP
PwD(tD)z[PlD_SerT;D] =|:P2D_SzrDTj)D:| ,
rp=1 rp=1

BP2D>
rr=1— 1-C >
p=1 4( D atD
(3)

where p, is the bottom hole pressure, MPa;Sis the skin effect,
dimensionless; Cis the well storage, m*/MPa.
Outer boundary condition is as follows:

[KrDaailDHl—K)
D

0P,
orp

Pyp(00,tp) = Pyp (00, tp) =0,
or P (Rp,tp) = Pip (Rpstp) = 0, @)
aPlDl
orp |

:aP2D|
orp |

or =0,

rp=Rp rp=Rp
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where

1 h
Pp=— (& ; %)
1.842 x 10 "Bg \ # Hy

: [pO _pj(r’t)] (] = 1>2))

_3.6(kyhyluy + kyhy /)t

Ip = 7>
(¢1Ct1h1 + ¢2Ctzh2)rw
,

rp=—,

b=y
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_ kyhy/u
kyhyluy + kyhyluy

dP,,

h is the storage thickness, m; pis the viscosity, mPa - s; r,is
the wellbore radius, m;Bis the oil volume coefficient, di-
mensionless; ¢is the porosity, dimensionless; ais the shape
factor, dimensionless.

3. Solutions in the Laplace Space

If we take the Laplace transformation of ¢, of Eqs.(4)-(12),
we obtain the following equation:

o0
Pip(rp.z) = JO e P (rpstp)dtp, (j = 1,2),
o (6)
Pup(@) = | € Pup (tp)dty,
0
where z is the Laplace variable and P,p,,P,,,P, are ele-

ments of Laplace space. Then, the form of the model in
Laplace space can be obtained as follows:

1 d — — —
Kg% TDer +/\(P2D—P1D):(UZP1D,

1 d dp — — _

(1- K)g E(ﬁ) drj)D) ~A(P,p = Pyp) = (1 - 0)zP,p,

_ dp — dp _

[PlD -Si"p ID] = [PZD -S7p ZD] = P,p(2),

drp |, -1 "D lrp=1
] dp dpP 1 @)

Krp—+ (1 - K)rp—=2| |, _, = —[— - CpzP ]

[ TDer +( )T’Der:| rp=1 2 CpzPyp

ﬁ]p (00,2) = 1_)2[) (00,2) =0,

dpP,,
drp

_dP,),

oy | =

or

rp=Rp —

| or Pip (Rps 2) = Pyp (Rps 2) = 0.

Theorem 1. If boundary value problem (7) has a unique
solution, then the solution can be expressed as follows:



Pip(rp,2)=

1

Advances in Civil Engineering

2 Cpz+Kay+ 1=K/ (1-a)¥ (1,03) + S, — 2,8 — Kay + 1~ K/ (1—a)¥ (1,0,) + S — a18,/8, + ¥ (1,5, ) (1 -3, ¥ (1,05) + S, — 3,8, — 8, + ¥ (1,0,) (1~ ¥ (1,0,) 4 S, @S,

a,¥ (rp,0,) (1-a,)¥(1,0,) +S, - a,S, —a, ¥ (rp,00)/ (1-a,)¥ (L,0,) +S, -, S,
S, +¥(1,0,)/ (1-a,)¥(1,0,) +S,—a,8, =S, +¥ (1,0,)/ (1 -a,)¥ (1,0,) +S, —a;S,’

Pop (rpa2) =

1

z Cpz+Ka,+1-K/(1-a,)¥(1,0,)+S,—a,8 —Ka; +1-K/(1-a,)¥ (1,0,) +S, - a;5,/S, + ¥ (1,0,)/ (1 -a,)¥ (1,0,) +S, - a,8, = S, + ¥ (L,0,)/ (1 —a;)¥ (1,0,) +S, -, S;

(¥ (rp>0,)/ (1-a,)¥ (1,05) + S, = a,8,) = (¥ (rp,01)/ (1 —ay)¥ (1,61) +S, -, 5;)

(S +¥ (L,0,)/ (1-ay)¥ (1,0) +8,-a,8,) = (S, + ¥ (L,0)/ (1 -a,)¥ (Loy) +S, -, S, )’

(8)
. . . ®i7,1 (rpsRp) .
where Y (rp, 0;) is defined as a similar kernel function. ‘I’(TD,U,-) = —m (i=1,2). (10)
1 Rp
(i) The outer boundary condition is infinite b
o (rp:Rp) K (0,rp) (iii) The outer boundary condition is a constant
¥ (rp,0;) = == Rs = D,
' (Dll,o(l) RD) aiKl (Ui) (9) ‘
@, (rp> Rp»)
. ¥ (rp,0;) = —20 2P (i 19, (11)
(Rp — 00) (i = 1,2). (rp, ;) (Dl1,o(1’RD)
(ii) The outer boundary condition is closed Here, we get
1-w)z-(1-K)o
g 140z U=K)0
A
(12)

%1275 K 1-K

1 wz+/1+(1—w)z+A]+ [

CD}"k(rD,E)(i =1,2;1,k = 0,1)are called as the functions of
the guide solution, i.e.,

(Df),o (70> &) = 90, (rp> €, 0),

i o, (rp>€)
o (rp>8) = % = 0,919 (rp, €, 0;)s
a0l (rp, &) (13)
i "p>
Dy, (rp,§) = % =0i%0,1 (rps & 0y),
i o' (rp>§)
Dy, (rp>&) = %@? = _01'2‘P1,1 (rp>& 0y),
where ¢, (x,y,7) = K, (x0)I,(y7) + (-1)"™™ (x1)

K, (y1) and K, (#),1, (®) are modified Bessel functions of the
order v. T is a parameter.

(1—w)z+/\_a)z+/\ 2 4)?

+
1- K K K(1-K)

Proof 1. Firstly, we prove the closed outer boundary
condition.

The general solution to the government equation in the
boundary value problem can be expressed as follows (the
detailed derivation is given in Appendix A):

5 (POI(rD’RD’Gl)
2 ,z) = a, D,V DD 7L
1D (rD Z) a 1, (RD‘71)

Po.1 (”D’RD’UZ)
I, (RDOZ)

Po.1 (rD>RD>01)
L (RDGI) ?

>

+a,D,

Po.1 (rD’RD’ ‘72)
I (RDGZ)

Pyp (rp>2) = D,

>

(14)

where D, D, are arbitrary constants. Substitute p,, (rp, z)
and p,p(rp,z) into Eq.(7) separately, the linear system
about Dy, D, can be obtained as follows:
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1,Rp, 0
[(1 _QI)M_(%& -$,)0,

¢1,1(1’RD’01):|D
—F - |
I,(oyRp)

I (GIRD)

+ [(1 ~a,) 0.1 (1, Rp 0,) P11 (1’RD’02):|D2 -0,

— (a8, = S,)0,

I, (o,Rp) I, (0,Rp)
(15)
l,R N I)R >
[CDZ¢O’1( D>91) +(Kay +1 —K+CDZSZ)01¢1’1( D ‘71)] )
I,(o\Rp) I,(o\Rp)
l)R b 17R b 1
+ [CDzi%’l( 0 %) +(Ka,+1-K+ CDzSZ)aziq)l’l( D 02)]D2 =—
I, (o,Rp) I, (0,Rp)
1
Because the boundary value problem has a unique so- D, = _ZII 1(01Rp) [(1 = a2)90, (L, Rp, 02)
lution, the determinant A of the coefficients of the linear
system (namely, Egs. (15)) about D, D, is not equal to zero. —(a,8, - 8,)0,9,, (1, Rp, 02)],
Now, according to the Cramer rule, the value of D, D, is (16)
obtained as follows: 1
D, = Z_AII (0,Rp) [(1 = a1)9p; (1, Rp, 07)

—(a,81 = 83)0191,1 (L Rp, ‘71)]-

Where A =

[(1 = a1)901 (L Rp, 1) = (@S, = $,)019,,1 (L Rp, 01)] : [CDZ‘Po,l (L Rp,0,) +(Ka, + 1=K + Cp8,z)0,9, (I’RD’OZ)]

_[(1 = a,)901 (1, Rp> 03) = (3,81 = $,)0,91,1 (1, Rp, 02)] : [CDZ‘Po,l (LRp,0y) +(Kay +1-K+CpSz)o191, (I’RD’GI)]'
(17)

- dp -
Substituting Eq. (16) from Eq. (14), then we can obtain [P 20— S2T'p erD] =P, p(2). (18)
Eq. (8) by combining with Egs. (9)-(11) and (12)-(13). b drp=1

Similarly, when the outer boundary conditions are
infinite and (7), the solution to boundary value problem can
also be expressed as Eq.(8).

According to the boundary condition:

The dimensionless bottom hole pressure can be obtained

Fwn (2)

1 1
"z Cpz+(Kay +1-K/(1-a,)¥ (1,0,) +S, - a,8;) - (Ka, + 1 =K/ (1-a;)¥ (1,0,) +S, = a;8,)/ (S, + ¥ (1,0,)/ (1 - a,) ¥ (1,0,) +S, - a,8,) = (S, + ¥ (Loy)/ (1 -a,)¥ (L,o,) +S, - a; ;)

(19)

Iflet S, =S, = S, then Eq.(19) can be written as follows:

1 1

Pup (@) = e 1) (Kar + 1= K)i (y ~ ) [S + 9 (1,8,)] + (@ = 1) (Kety + 1= K/ (0 —a) [S + ¥ (1,03)]

(20)

Now, we analyze the situation of §; = S, = S as follows:
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FIGURE 2: Special curves of the pressure and pressure derivative of dual permeability (Cpe® =1, K = 0.9, w = 1073,1 = 107°).
Pup(2) == : (21)
z) =—e .
wb Z2 Cpz+1-K/IS+¥(1,V1-w/l-kz)+K/S+W¥(1, Vwlkz)
(i) At the later time, when t, — 00, z — 0, then Eq. derivative is a line with a slope of 1(as shown by the
(20) can be written as follows: blue dotted line in Figure 2). When the outer
boundary condition is infinite, the pressure deriva-
tive is 0.5 line (as shown by the red dotted line in
5 _1 1 Figure 2), and when the outer boundary condition is
Pyp=_¢ : (22) AR
Z Cpz+1/S+¥ (1, V(1 - w/l1-k)z) a constant value, the pressure derivative will bend
O downwards (as shown by the green dotted line in
Figure 2).
4. Chart Analysis Now, we will analyze the impact of K, w,lon bottom

We draw the test well special curves of the dual permeability
reservoir under three outer boundary conditions by using
MATLAB software (Figure 2).

(1) In Figure 2, the characteristic curves of both pressure
and the pressure derivative are overlapping under
three different outer boundary conditions in stages
I-IV, which indicate that the changes in bottom hole
pressure are the same before the pressure reaches the
outer boundary.

(2) Stages I-III are the early parts. Because of the in-
fluence of pure wellbore storage in the early times,
the curves of the bottom hole pressure and pressure
derivative coincide and show a line with a slope of 1.
After the influence of pure wellbore storage, the
curve of pressure derivative slopes downward after
the peak appearance. The level of the peak value
depends on theCpe?.

(3) Stage IV is the mid-party that mainly replies to the
cross-flow characteristics of the transition zone,
which are influenced by the mobility ratio K, stor-
ativity ratio w, and cross-flow coefficientd. We will
conduct further analysis in part 4.2.

(4) Stage V is the latter part that replies to the charac-
teristics of radial flow in the dual permeability. When
the outer boundary condition is closed, the pressure

hole pressure according to the chart (as shown in
Figures 3-11). In Figures 3-5, we let Cpe* =1, 1 =107°
,K =0.9 and let w be equal to 10}, 1072, 1073, and 10~*
separately.

From Figures 3-5, we know that the changes of pa-
rameter w have an obvious influence on the transition zone
no matter how under which kind of outer boundary con-
ditions. The stored energy ratio w decides the width and
depth of the concave pressure derivative curves in the
transition section. With the decrease of a w, the “concave”
turns more deep and wide.

In Figures 6-8, we let Cpe® = 1,LA = 107°,0 = 1073 and
let Kequal to 0.6, 0.9, 0.99, 0.999, respectively.

From Figures 6-8, we can obtain that the change of K has
an obvious effect on the seepage zone of transition under the
three different boundary conditions. For different values of
K, the “concave” has different degrees of depth. The smaller
the value of K, the “concave” is more shallower and ap-
proximately half of the value of the horizontal line. IfK = 5,
then we can get k by = k,h,, and the characteristics of the
curve are the same with the homogeneous reservoir model,
the pressure derivative will not appear “concave”, and the
greater the value of K, the deeper the “concave”.

In Figures 9-11, we let Cpe*=1,K =009, and
w = 107%and let A be equal to 1072, 1073, 10~%, and 1073,
respectively.
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FIGURE 3: Dimensionless pressure of vertical wells under the infinite outer boundary influenced by w (C Dezs =1,1=10"°% K =0.9).
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FIGURE 4: .Dimensionless pressure of vertical wells under the constant outer boundary influenced by @ (Cpe® =1, 1 = 107>, K = 0.9).

102 _
— PWD i P’wD /.
@=10", 0=10? w=10", w=10"
10! T ) ’
a
;:f
A 10° .
z
~
107!
w=10"", =102, w=1073, w=10"*
10—2 L L L L L i L | i
107! 10° 10! 102 103 10* 10° 10° 107 108

tp (Cp)

FiGURE 5: .Dimensionless pressure of vertical wells under the close outer boundary influenced by w (Cpe* = 1, A = 107°, K = 0.9).
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FIGURE 6: Dimensionless pressure of vertical wells under the infinite outer boundary influenced by K (Cpe® =1, 1 = 107>, w = 1073).
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FIGURE 7: Dimensionless pressure of vertical wells under the close boundary influenced by K (Cpe?S =1, A = 1075, @ = 1073).
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FiGURE 8: Dimensionless pressure of vertical wells under the constant boundary influenced by K (Cpe* = 1, 1 =107%, w = 1073).
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FiGURE 9: Dimensionless pressure of vertical wells under the infinite outer boundary influenced by A (Cpe®s = 1, w = 1073, K = 0.9).
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FiGURE 10: Dimensionless pressure of vertical wells under the constant value outer boundary influenced by A(Cpe® = 1, w = 1073, K = 0.9).
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FicUure 11: Dimensionless pressure of vertical wells under the close outer boundary influenced byA(Cpe® = 1, w = 1073,K = 0.9).
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From Figures 9-11, we can obtain that the position of the
transition zone is determined by the cross-flow coefficientA.
The smaller value of A, the later the transition zone appears,
which reflects that the “concave” is on the right in
Figures 9-11.

5. Conclusions

(1) In this paper, we obtain the expression of bottom
hole pressure of the dual permeability reservoir by
using the SCM in Laplace space, and we provide a
more complete testing chart for analyzing the change
law of the pressure of dual permeability.

(2) Using the SCM to solve the model of a vertical well in
a dual permeability reservoir can avoid the cum-
bersome process of derivation, and the SCM only
includes simple arithmetic, so it is easily understood
and grasped. At the same time, the steps of SCM
provide a clear algorithm flow for programs.

(3) We obtain the simplified formula of solution
(Egs. (30) ~ (31)) for the model of the vertical well in
a dual permeability reservoir, which contributes to
analyzing the characteristics of the early and later
parties in Figures 2-11.

(4) We draw the curves of the bottom hole pressure and
pressure derivative by using the modified Stehfest
inversion formula and MATLAB software. We ob-
serve and analyze the change law of the curves by
changing the mobility ratio K, storativity ratiow, and
cross-flow coeflicientd, which may provide an im-
portant theoretical value for further studying the
dual permeability reservoir.

Appendix

In boundary value problem (7), the general solutions to
governing system (7) can be expressed by modified Bessel
functions I, (orp)s K, (orp) as follows:

{ Py (rp,z) = Al (orp) + BK, (o7p)s

_ (A.1)
Py (rp>2) = Cly (0rp) + DK, (07p),

where A, B,C, D, 0 are undetermined coefficients.
Substituting Eq.(A.1) into Eq (7), the system can be
obtained as follows:

{AI1 (0Rp) - BK, (oR}) = 0, A
CI, (6Rp) - DK, (6Rp,) = 0,
ie.,
A_C _K (sRp) (A.3)
B D 1,(oRp)

Substituting Eq.(A.3) into Eq(A.l), respectively, the
system can be obtained as follows:

Advances in Civil Engineering

{ P (ps Z)B‘Po,l (rps Rp» 0)/1, (01p), (A4)

Pyp (rps Z)D‘Po,l (7> Rp> 0)/1; (01p),

where

Pun (%, 3,7) = K, (x0)L, (y7) + (1), (x1)K,, (y7).
By the property of the Bessel function [27], we know that

I, (orp)s K, (orp)satisfy the following equation:

1
Z(')' (x) =2Zy(x) + ;21 (x). (A.5)
Substituting Eq. (A.4) into governing Eq. (7)
and combining Eq.(A.5), the system can be obtained as
follows:

{(Koz—wz—)t)B+)tD=0,

) (A.6)
AB +[(1- K)o’ - (1-w)z—A|D =0.
According to Eq. (A.6), we obtain the equation as
follows:

Wz D[ - W)z + 4] -2 (A7)

K(1-K) =0

Solving the above equation, we obtain solutions as

follows:
& :{l[wz+/\+ (1 —w)z+)t] +A},
2 K

1-K
(A.8)
agz{l[wz+/\+(l—w)z+)t]_A})
2 K 1-K
where
2 2
Ao a)z+/\_(1 w)z +A N 4) ' (A.9)
K 1- K K(1-k)

According to the structure principle of the solution to
the homogeneous linear differential equation, we know that
the linear combination of the two linear independent so-
lutions is still the solution to the original equation. There-
fore, solutions to governing system (7) can be expressed as
follows:

FlD(TD,Z)
— ,R 5 ,R ,
P2D(rD’Z)=D1¢O’11(rD > Ul)+D2¢0’1[(r11)2 )
1 (Rpa) 1 (Rpoy)

(A.10)
If Bof Eq. (A.6) recorded as aD, then we obtain
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(sz—wz—kyu)+kD=c

5 (A.11)

AaD +[(1-K)o® - (1-w)z - A|D =0.

According to the above system, we can obtain
(me—u—m&< A )
a=1+ = . (A.12)
A Ko* —wz -1
Hence, we obtain the following equation:
(1-wz-(1-K)o
a, =1+ ,
A

(A.13)

2
+(1—w)z—/\(1—K)02'

a, =1
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High temperature will cause a thermal crack of a rock, thus affecting the permeability change of rock. To explore the effects of
temperature on permeability and microstructure of rock microstructure, the granite after 50-800 C thermal treatment was carried
out by gas permeability test, combined with computed tomography (CT) scanning technology. The granite internal three-di-
mensional reconstruction was conducted after high-temperature thermal treatment, and the characteristics of the microstructure
were also deeply analyzed. On this basis, the applicability of the Costa model under high temperature was discussed. Finally, the
temperature-permeability model of granite after the high temperature was proposed combined with the pore fractal model. The

new model was verified with experimental data.

1. Introduction

In recent years, with the rapid development of nuclear
power, the output of nuclear waste has been increasing year
by year. At present, the international common way of
disposal is through the construction of underground nuclear
waste repository thousands of meters underground and the
use of geological barriers and artificial barriers to perma-
nently block the nuclide movement. In the process of
geological storage of nuclear waste, nuclides release heat
energy, which leads to the increase of surrounding rock
temperature. These fractures are interconnected and act as
pathways for nuclides to migrate to the biosphere. Therefore,
it is a key scientific problem to study the effect of high-
temperature heat treatment on the evolution of micro-
structure and seepage characteristics of low permeability
rocks [1-5].

In term of describing the fractal characteristics of the
internal microstructure of rock after thermal fracture, some
research used the method of the scanning electron micro-
scope (SEM) or optical microscope to carry out 2D geo-
metric analysis of the images of rock surface [6-9]. The result

cannot effectively reflect the 3D characteristics of the real
rock’s internal microstructure. For porous media, mercury
intrusion porosimetry (MIP) is an effective tool to obtain the
pore size distribution [10]. The basic step is to obtain the
volume of mercury intrusion under different pressures by
mercury injection experiments and then calculate the pore
size distribution by the cumulative mercury injection vol-
ume [11-13]. In recent years, as a method that can directly
reflect the three-dimensional microstructure of rock, com-
puted tomography (CT) has been more applied [14, 15]. CT
technology is characterized by no-contact, accurate, and fast.
Yu et al. [16] reconstructed the digital 3D model of jointed
sandstone with CT technology and applied the digital model
to simulate the uniaxial compression process.

As for establishing the relationship between the per-
meability and the microscopic characteristics of rocks, most
of the applicable permeability models are semiempirical
ones due to the great discreteness and complexity of the
microstructure. The K-C model, which is based on the
Poiseuille equation (17), has been widely accepted by
scholars. On the basis of the K-C model, many modified
models have been proposed. Table 1 summarizes the main
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TaBLE 1: K-C model and its main modified model.
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FIGURE 2: X-ray diffraction pattern of granite.

modified models and gives the definition of the empirical
parameters. Although the permeability model, which reflects
the relationship between macroscopic permeability and
microscopic characteristics of rock, has become mature,
there are few reports on the models of the variation of rock
permeability with temperature after thermal treatment.
Therefore, the purpose of this work is to establish the
temperature-dependent permeability model of granite after
high-temperature heating treatment.

(cis the geometrical equivalent factor, 7 is tortuosity, s, is
the specific surface area of particles, n is the cementation
factor of Archie’s equation, b is the tortuosity factor of
Archie’s equation, Ay, is the sum of the total area of pores
with diameters less than the Iu).

2. Rock Specimen Preparation and Experiment

2.1. Rock Specimen Preparation. To reduce the heterogeneous
of granite specimens, the granite was cored in a rock block from
Hunan Province, China, at the depth of 50 ~ 70m under-
ground. The specimen is drilled with a laboratory rig and made

FIGURE 3: Granite specimens after high-temperature heating
treatment.

into cylindrical specimens with a diameter of 50 mm and a
height of 100 mm for the gas permeability tests, as shown in
Figure 1. Also, the upper and lower ends of the granite
specimen were polished with sandpaper to ensure the degree of
parallelism and verticality are less than 0.02 mm. The X-ray
diffraction pattern of the granite is shown in Figure 2. The
result shows that the specimens are made of quartz, plagioclase,
calcite, hematite, and a small amount of other minerals.

2.2. Thermal Treatment. The heat treatment was carried out
in the Rock Mechanics Laboratory of Wuhan University. The
rock specimen is heated by a box-type furnace $X21012 made
by Yahua Company. The heating step can be preset according
to requirement, and it has a maximum heating temperature
1100 °C and a corresponding maximum error +1.0°C. The
furnace chamber with a size of 250 mm x 400 mm x 160 mm
is sufficiently large to heat 10 specimens simultaneously.

Twenty-five granite specimens were divided into five groups,
and a group includes five granite specimens. The specimens were
heated to 50 °C, 200°C, 400°C, 600°C, and 800°C at a rate of 10°C/
min. The temperature rises linearly to a specified value and then
remains constant for 10 hours. The specimens were then nat-
urally cooled to room temperature at a cooling rate of 10°C/min
and kept at room temperature for 24 hours before gas perme-
ability tests were performed. Figure 3 shows granite specimens
after heat treatment at different temperatures. As the temper-
ature increases from 50°C to 800°C, the color of the rock
specimen changes from bluish-gray to white.

2.3. Gas Permeability Test. The transient pulse decay
method is widely used to measure gas permeability in low
permeability materials, such as rock. The gas permeability of
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granite at different temperatures was measured by a hydro-
mechanical coupling system, autonomous designed by the
Institute of rock and soil mechanics, and the Chinese
academy of sciences. All tests are conducted at constant
temperature (20°C).

First, the confining pressure of the chamber is maintained at
2.5MPa. Nitrogen was inserted to maintain a pressure of
0.9 MPa in the upper chamber. The specimen was kept saturated
in the triaxial cell of gas injection, and the gas injection was
balanced at the lower chamber increasing to 0.9 MPa. Subse-
quently, the chamber pressure was increased to 6.95 MPa, and
the effective confining pressure was maintained at 6.0 MPa.
Finally, pulse attenuation tests were carried out under a hy-
drostatic state, and an injection 0.1 MPa brings the upper res-
ervoir pressure to 1.0 MPa. In the process of tests, the upper and
lower pressures are self-recorded by the computer every
5 seconds. Before tests, each specimen must be stored in an oven
and dried at 50°C for at least three days.

Liu et al. [24] derived the expression of gas permeability in
the transient-flow test. During pulse decay tests, the relation
between the upper and lower differential pressure AP, at the
beginning of the experiment and the upper and lower differ-
ential pressure AP(t) after time ¢ of the experiment can be
described as follows:

AP() _
AP,

>

Ak ( 11 )
s=—\—=—+—)

Luz\V,, Vg,
where k is the gas permeability of the material, L, A are the length
and cross-sectional area of the specimen, y and z are the dy-
namic viscosity and the critical compressibility of the gas, which
value is 1.80 x 10 Pa-s and 0.292mm*°C"", respectively, for
nitrogen. V,, and Vg, are the volumes of upper and lower
reservoirs, respectively. The gas permeability can be calculated by
equation (1) and equation (2) using gas pressure data

1)

3. Rock Microstructure Representation

3.1. CT Scanning. Internal microstructure of granite was
obtained by a Diondo d2 high-resolution CT detection
system, manufactured by German Diondogmbh, which had

FIGURE 5: Cross-sectional gray CT image.

a spatial resolution of 20um. The CT detection system
(Figure 4) comprises an X-ray beam, a detector panel, and a
rotating platform. The X-ray beam penetrating the specimen
is measured by an array of detectors. The X-ray is produced
by electrons striking a Mo-W alloy target in an X-ray tube.
The electron current is 80 1A, the accelerating voltage is
140kV, and the scanning time is 4s. The degree of X-ray
attenuation depends on the density and the atomic numbers
of the materials in the specimens (Savas and Marva [25]).

Prescanning must be carried out before CT measure-
ments. First, the granite specimen is placed on the rotating
platform. Then, the granite specimen is prescanned, and the
position of it is fine-tuned according to the receiving result
of the detector panel. At the beginning of the measurement,
the rotating platform rotates at a constant speed, and the
computer collects data every fixed time. The X-ray attenu-
ation matrix is obtained by X-ray scanning in different
directions, and then, the gray-scale cross-sectional images of
the granite specimen are obtained.

In order to ensure the measurement precision, the
magnification is 200, and the minimum observable scale is
25mm. Figure 5 shows a cross-sectional gray scale image
result (256-order gray scale used in the study) obtained from
this X-ray micro-CT scanning. It can be seen that the surface
crack is clearly observed. This indicates that, in this study,
X-ray micro-CT scanning has a high-resolution ability to
obtain internal crack in granite material.

According to Lambert’s law [9], the gray scale reflects the
density of the mineral. So, the distribution of porous and
various mineral components in granite can be identified by
the gray scale.

3.2. 3D Micropore Structure Reconstruction Method. The
internal pore or fracture in granite is a flow path, which
determines its permeability. So, it is necessary to further
process the obtained CT cross-sectional image to extract the
pores or fractures. A method distinguishing rock matrix and
rock fracture or pore was developed by Xiong et al. [26].
Figure 6 shows the fracture or pore results using this
method, the fracture or pore microstructure in the granite is
shown in black (Gray value =0), and the granite matrix is
shown in white (gray value =1).

The digital image consists of a rectangular array of pixels.
Each pixel is the region at the intersection of any horizontal
and vertical scan lines, all of which are of equal width A.
Therefore, each pixel can be considered a square element.
The material structure captured in the cross-sectional CT
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FIGURE 6: Schematic of three-dimensional reconstruction process of rock.
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FIGURE 7: The influence of heating temperature on permeability.

image is assumed as that of a layer with a d height. Based on
this, the granite microstructure represented by the image can
be easily mapped to a layer of the cuboid grid of the same
size, which is generated by a rectangular array of image
pixels extending vertically. Figure 6 shows the generated 3D
microstructure model.

4. Experiment Results

4.1. Permeability of Granite. The permeability of the granite
after thermal treatment at different temperatures is shown in
Figure 7. As shown in Figure 7, when the temperature is
lower than 400°C, the permeability of granite changes a little.
The temperature increases from 50 to 400°C, and perme-
ability only increases from 3.8¢— 16 to 7.6e — 16 m*. When
the heating temperature is higher than 400 °C, the perme-
ability of granite increases exponentially. The permeability of
granite for 800°C is 146 times higher than that of 400°C. It is
indicating that temperature has a significant impact on
permeability when heating temperature greater than 400 “C.

4.2. 3D Micropore Structure Analysis. A three-dimensional
reconstruction method was used to obtain the internal
microstructure geometry structure of granites at different
temperatures, as shown in Figure 8. As can be seen from
Figure 8, when the temperature is lower than 400 °C, the
pores generated by thermal loading in granite are mostly
microporous. When the temperature exceeds 400 °C, the
number of pores increases. When the temperature reaches to
800°C, the fracture going through the granite appears. It is
predicted that the number of fractures increases as temperature
increases. Figure 9 shows the volume proportion of micro-
structure in different volume intervals inside granite after
thermal treatment at different temperatures. In terms of the
proportion of microstructure in different volume intervals, when
the temperature is lower than 400°C, the volume of micro-
structure in granite is mainly distributed in the range of 0.001-
0.l mm’, the distribution curve of the volume proportion is
similar, and the peak value is around 0.01 mm>. When the
thermal treatment temperature rises to 600 °C, the peak value of
the volume distribution of the internal microstructure of granite
moves to the right range of 0.1-1mm’, and the maximum
thermal fracture pore volume is significantly increased com-
pared with 400°C, which is located near 10 mm’. When the
temperature reaches to 800 °C, the peak value of the internal
microstructure of granite appears at the right end, and the pore
volume distribution in other sections is more even. The main
reason for this situation is that the internal fractures develop
rapidly under high temperature, and most of the isolated pores
wrapped by minerals with poor thermal stability are connected
with each other, thus forming large volume fractures. Finally, the
pore distribution in each volume interval is relatively smooth,
and the volume proportion of large volume connected fractures
appears to the peak.

5. Temperature-Permeability Model and
Its Verification

The Kozeny and Carman model (K-C model) and Costa
model [27, 28] derived from the capillary bundle model are
generally used to describe the permeability of porous and
low-permeability rocks, which are expressed as
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where Cx_c and Cc are K-C coefficient and Costa coefficient,
respectively. It is proved that the Costa model is more
applicable for high pore rock [29, 30]. The pore in granite is
assumed as Sierpinski shim and Menger sponge, and a
fractal model of pore volume representing rock geometry
can be obtained as

- 3-D
V(Zr):Va[l—<L—2) :|,

where V(>r) is the pore volume whose pore size is greater
than or equal to r. This parameter can be considered as CT
scanning accuracy. V, is the total volume of rock within the
scale range L, and D is the fractal dimension. Hence, the
pore of rock ¢ is expressed as

(3)
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Substituting (4) into equation (4), a permeability model
of granite under high temperature can be obtained as

L.A\3-D 3-D7"
=2 -(1) ]

r L,
Zhang et al. [31] studied the effects of thermal treatment
temperature 25-1200 °C on fractal structure characteristics
of granite, and their study demonstrates that the relationship

between the fractal dimension D of granite and temperature
T could be expressed as

(5)

D=a+bT+b,T" (6)

Hence, a temperature-dependent permeability model
can be obtained as

L, ay+b, T+b,T? r ag+b T+b,T27"
r L,

(7)

The permeability data of granite after a high temperature
of 50-600°C are used to fit (7). Figure 10 shows the rela-
tionship between permeability and temperature of granite.



As can be seen in Figure 10, fitting results show that the
fitting degree of the new model is above 0.99, so the pro-
posed model can be used to predict the permeability of
granite after high temperature treatment. This proposed
model has an important engineering significance. For ex-
ample, the relationship between temperature and perme-
ability of rock should be mastered in betweengeological
storage of nuclear waste. Furthermore, the temperature-
dependent permeability model of rock extends under-
standing of high-temperature rock mechanics.

6. Conclusion

The gas seepage tests and CT scanning of granite after
different temperatures treatment were conducted to sys-
tematically study its evolution mechanism of the internal
microstructure and permeability. A new semiempirical
permeability model is proposed and verified by the exper-
imental results, and the main conclusions are as follows:

(1) Gas permeability test shows that the permeability of
granite changes a little when the temperature of
thermal treatment is lower than 400°C and increases
exponentially when the temperature is greater than
400°C.

(2) When the temperature is less than 400°C, the pores
generated by thermal loading in granite are mostly
microporous. When the temperature exceeds 400°C,
the number of pores increases. When the tempera-
ture reaches 800°C, the fracture going through the
granite appears.

(3) Based on the Costa model, the granite temperature-
dependent permeability model is deduced. The new
model reflects the relationship between the tem-
perature of thermal treatment and the permeability
of granite. Finally, the new proposed permeability is
verified by the gas permeability test results. The result
shows that the proposed model has high accuracy to
predict the gas permeability of granite after thermal
treatment at different temperatures.
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The shield method and pipe jacking method will impact the ground surface and surrounding settlement during tunnel con-
struction. Due to their different tunnelling principles and their cross-section characteristics, the impact on the stratum is often
different. To study the differences between the two construction methods on ground surface settlement, numerical simulations,
Peck empirical formulas, and field measurement data were used for analysis and comparison in this work. Two correction
coefficients & and A are introduced for correction on the basis of the DOT Peck formula, and the analysis of sensitivity factors for
the ground settlement for the two construction methods is carried out. The numerical simulation results show that the ground
settlement induced by pipe jacking construction is smaller than that of the shield, and this simulation result is confirmed by the
field measurement result. When A is selected from 0.85 to 0.91 and « from 1 to 1.1 for the shield project, 1.2 to 1.4, and 1.4 to 1.6 for
the pipe jacking project, the modified formula can better predict the ground surface settlement. According to the sensitivity factor
analysis, grouting pressure and elastic modulus of grout material exert a more significant influence on pipe jacking construction.
The retreat of the pipe section caused by the tunnelling pressure difference will lead to 0 mm ~ 1.93 mm fluctuation on the

ground surface.

1. Introduction

With the acceleration of urbanization, the shield method and
pipe jacking method are widely used in urban subway
construction projects. Although the shield method and pipe
jacking method may cause disturbances to the surrounding
stratum, their respective construction characteristics can
meet the needs of different projects [1, 2]. The ground
disturbance caused by shield and pipe jacking tunnelling has
been an important research topic. Many scholars have done
a lot of research on the ground disturbance caused by the
tunnelling of shield and pipe jacking.

For the ground settlement caused by shield or pipe jacking
engineering, the theoretical analysis method [3, 4], empirical
formula method [5-8], and numerical simulation method
[9, 10] are usually used to study it. In terms of shield ground

settlement, Fang et al. [11] proved the influence of tunnel
depth and ground loss rate on longitudinal ground settlement
caused by shield construction through a series of model tests.
Accordingly, a prediction formula for the final surface lon-
gitudinal settlement of shield tunnelling is established. Zhou
et al. [12] revised the prediction formula for ground settle-
ment troughs (Peck’s formula) based on the field data of a
double tunnel project. Also, the prediction formula for the
ground settlement caused by the construction of a double
tunnel was derived and validated. Hu et al. [13] studied the
effect of water content in sandy soils on the distribution and
range of surface and subsurface settlement induced by shields
using model experiments and numerical simulations. Based
on a large number of field engineering and model test data, Lu
et al. [14] proposed a formula to predict the maximum
ground settlement with tunnel depth and constructed a
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Gaussian function to predict the transverse ground settle-
ment. Wang et al. [15] introduced a case of predicting ground
settlement caused by a double shield tunnel in Copenhagen
using analytical and numerical simulation methods. Moei-
nossadat and Ahangari [16] used the finite difference method
(FDM) to construct a numerical intelligent model for max-
imum ground settlement (S,,,,) instead of numerical simu-
lation. In the study of ground surface settlement caused by
pipe jacking construction, Ma et al. [17] studied the area
disturbed by pipe jacking construction. Studies have shown
that surface displacement is the coupling effect of soil and
forward propulsion, friction, and ground loss. There are some
other factors in the tunnelling process of pipe jacking 18, 19].
For example, construction parameters, ground loss rate, and
pore water pressure dissipation will affect the surface set-
tlement. In the construction process of the pipe jacking
method, the tunnel pipe section has been in a “motion” state
under the thrust provided by the hydraulic cylinder in the
originating well, resulting in a large disturbance of the sur-
rounding strata. The traditional Peck formula has poor
prediction accuracy for ground settlement caused by pipe
jacking construction. Therefore, Yang and Li [20] proposed a
modified Peck formula based on the characteristics of the
repeatedly disturbed strata by the pipe jacking method and
the field measurement data. But Yang et al. research results
are based on small pipe jacking projects, which are not
suitable for large section pipe jacking projects. Tang et al. [21]
compared the settlement of practical engineering, the fitting
results of the Peck formula, and the settlement predicted by
random medium theory. The prediction range of pipe jacking
settlement through width is clarified through research, and
suggestions are put forward for the prediction method of large
rectangular pipe jacking settlement. Ma et al. [22] investigated
the effect of tunnel burial depth variation on the ground
settlement distribution characteristics caused by pipe jacking
construction via 3D numerical simulation. Researchers in-
vestigated the surface settlement induced by the shield
method and pipe jacking method from various angles, but
there are few research results about the differences between
the shield method and pipe jacking method on surface set-
tlement, especially in the same stratum.

Based on the project of Hangzhou Sijiging Metro Line 9,
a three-dimensional finite element model of shield method
and pipe jacking method is established in this study.
Combining the field measurement data and simulation re-
sults, the differences in ground surface settlement induced
by shield construction and pipe jacking construction in the
same stratum were studied for comparison and analysis. At
the same time, the double-o-tube (DOT) Peck formulas are
optimized by using the numerical simulation results and
field measurement data, and sensitivity factors of surface
settlement caused by two tunnelling methods are studied to
guide future projects.

2. Engineering Background

2.1. Engineering and Geology. The project interval is located
at the east side of the intersection of Jiefang East Road and
Qiutao Road, which is arranged along Jiefang East Road in
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an east-west direction. The interval crosses Qiushi viaduct
and Xinkai River on Jiefang East Road. The project area is
divided into two intervals: from the Sijiging Station to the
middle well is the quasi-rectangular pipe jacking interval,
and from the middle well to the receive well is the quasi-
rectangular shield interval, as shown in Figure 1. One
11.83 m x 7.27 m earth pressure balance pipe jacking/shield
dual-mode tunnelling machine is used for the construction,
see Figure 2. The tunnelling machine starts from the Sijiging
Station, travels west along Jiefang East Road, crosses the
Qiushi viaduct, and then arrives at the middle well. The dual-
mode tunnelling machine is received from the middle well
and reformed into a shield machine. From the middle well,
the shield method will be used to construct the tunnel. It will
be constructed along Jiefang East Road to the west, cross the
Xinkai River, and then be received at the receive well.

2.2. Surface Settlement Measure Scheme. Due to the large
cross section of the tunnel construction, the disturbance of
the stratum generated by the construction is also large.
According to the surrounding environment and geological
conditions, transverse measurement sections perpendicular
to the tunnel axis are installed. Transverse measurement
sections are placed in the originating area, receiving area and
the parts with poor geological conditions that may produce
excavation surface collapse or excessive surface deformation.
Ten groups of measurement sections are set for the pipe
jacking interval, and twenty-one groups of measurement
sections are set for the shield interval. Each group of cross
sections is symmetrically arranged along the central axis of
the tunnel with a total of 11 measurement points. The
spacing of measurement points is 3m, 6 m, 12m, 24 m, and
32m (adjusted according to the actual situation on-site) on
the outside of the tunnel center axis. The measurement
sections are labeled as DBC-n, where DBC is the repre-
sentative measurement project code and n is the ring
number, as shown in Figure 3.

3. Differential Analysis of Surface Settlement
3.1. Numerical Modeling and Parameters

3.1.1. Model Size and Boundary. The size of the numerical
model has a certain influence on the rationality and effi-
ciency of the calculation results. To guarantee that the
analysis results are not affected by boundary effects, and
considering both the accuracy and efficiency of the model,
the size of the shield model is chosen to be 84m in X di-
rection, 172m in Y direction, and 42m in Z direction. The
model size of the pipe jacking is selected as 84 m in X di-
rection, 67 m in Y direction, and 42m in Z direction. The
model’s nodes on the two boundary surfaces of the X and Y
directions set fixed constraints on the X and Y directions.
The nodes on the bottom of the model set fixed constraints
on the X, Y, and Z directions are shown in Figures 4 and 5.

The length from Sijiging Station to the middle well is
67.2 m, the interval’s maximum longitudinal grade is —0.2%,
and the burial depth of the tunnel is 10.2m~11.2m. The
strata traversed by the machine are mainly: @4 sandy silt,
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®5 sand with sandy silt, and ®7 sandy silt. The length of the
middle well to the receive well is 163.9m. The minimum
plane radius of the interval is 700 m, the maximum longi-
tudinal grade is —0.2%, and the burial depth of the tunnel is
109m~ 11.4m. The stratum traversed by the machine is
mainly: ®4 sandy silt, ®5 sand with sandy silt, and ®7
sandy silt, see Figure 3.

The shield machine is reformed from the pipe jacking
machine in Figure 2. Both the shell thickness of the shield
machine and the pipe jacking machine are 0.06 m. The shell
of the machine is simulated by plate-shell elements as well as
the tunnel lining. It is worth noting that the tunnel lining size
of the pipe jacking and the shield are the same, but the shield
tunnel has a neutral pillar see Figure 4, and the pipe section
has no neutral pillar see Figure 5. In the two models, the
tunnel size is 11.7mx 7.6 m and the burial depth of the
tunnel is 10.7 m. To simulate the ground volume loss caused
by excavation as shown in Figure 6 the equivalent layer of
pipe jacking is set to 6 cm and the shield is set to 20 cm [23].

3.1.2. Calculating Parameters. This paper assumes that the
stratum material in the model is continuous isotropic elastic-
plastic material. In the numerical simulation process of deep
foundation pit excavation and large section excavation
engineering, Mohr-Coulomb constitutive will have a large
uplift, which affects the rationality of the simulation results.
Therefore, this paper adopts the modified Mohr-Coulomb
(MMC) constitutive model provided by the finite element
software. This constitutive model is improved on the basis of
the Mohr-Coulomb constitutive model, and it is especially
suitable for sand materials with friction characteristics.
The shield shell and lining structure adopt a linear elastic
constitutive model, and the lining thickness of the quasi-
rectangular pipe jacking tunnel and shield tunnel is 650 mm.
The shield’s segments are assembled into rings, and the pipe
jacking’s lining is poured with C50 concrete. As the lining
strength of the shield is lower than that of pipe jacking, the
corresponding reduction is made. The initial elasticity
modulus of the shield grout material is 0.9 MPa. It can reach
4 MPa after 24 hours, while the modulus of elasticity of the

pipe jacking grout is 0.6 MPa since it does not harden and
the grout is thinner than the shield. The specific structural
parameters are given in Table 1, and the stratum material
parameters are given in Table 2.

3.1.3. Simulation Process. In order to simulate the shield and
pipe jacking construction process under real conditions, the
stepwise method based on the lining ring width is used in the
numerical simulation. The shield method assembles the
segments into a ring during tunnelling, and synchronous
grouting is carried out when the segment assembly is
completed. The shield method and the pipe jacking method
are similar during the early stages of the simulation process,
the shield grout material will gradually harden over time,
while the grout material of the pipe jacking will not harden.
The duration of grout hardening is set to be 5 rings. When
the number of excavation rings exceeds 5 rings, the short-
term hardened grout material (0.9 MPa) of the N-5th ring (N
means the number of rings being excavated) is replaced by
the long-term hardened grout material (4 MPa).

During the jacking process, the grout material will be
injected between the pipe section and the stratum, which can
reduce friction and support the stratum above the pipe
section. In the whole construction process, the grout ma-
terial will be continuously supplemented to hold pressure.
The process of numerical simulation is shown in Figure 7.

3.2. Differential Analysis of Settlement for Quasi-Rectangular
Shield and Pipe Jacking

3.2.1. Analysis of Numerical Simulation Results. During the
tunnelling process, the pressure applied on the excavation
face is equal to the static Earth pressure of the soil ahead of
the cutter head, which is 145 kPa at the uppermost of the
excavated surface. Both the shield grouting pressure and the
pipe jacking grouting pressure applied by the machine are
set to 220 kPa, which corresponds to the Earth pressure over
the tunnel.

The overall final ground surface settlements of the shield
and pipe jacking model are shown in Figure 8, and the final
ground surface settlements of the shield and pipe jacking
model are 17 mm and 25 mm, respectively. In the shield and
pipe jacking model, a ground surface transverse section
above the excavation surface is selected as the measurement
section. Figures 9 and 10 show the ground settlement values
of shield and pipe jacking in each stage of gradual exca-
vation. Where, “before arrival” indicates that the tunnelling
machine is 7.5m away from the excavation face, and “ar
rival” indicates that the machine reaches the excavation face.
It can be seen from Figure 10 that the ground surface set-
tlement curves caused by shield and pipe jacking are similar
to the Peck settlement curve. The surface settlement of the
two mainly occurs after the machine’s tail is away from the
measurement section, and the settlement caused by pipe
jacking in each stage is much smaller than that caused by the
shield. When crossing the measurement section, the ground
settlement caused by the pipe jacking method reaches
3.6mm, while that caused by the shield method reaches
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FIGURE 2: Quasi-rectangular earth pressure balance pipe jacking/shield dual-mode tunnelling machine: (a) The cutter head of dual-mode
tunnelling machine. (b) Reformed shield segment assembly machine (pipe jacking machine mode without segment assembly machine).
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FIGURE 4: Shield model size and boundary conditions: (a) Shield model size. (b) Shield stratum and boundary condition.

7.4mm. It can be seen that shield construction will cause = generated by the shield method is 25.4 mm. There is little
greater ground settlement than pipe jacking construction.  difference in the width of the settlement trough between the
After excavation, the final settlement generated by the pipe  two, and the maximum influence range is about 3.5 times the
jacking method is 17.4mm, and the final settlement width of the tunnel, namely, 40 m.
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FIGURE 5: Pipe jacking model size and boundary conditions: (a) Pipe jacking model size. (b) Pipe jacking stratum and boundary condition.

Tail void 150 mm

Segments

Shield machine

T [

Tail void 20 mm

Segments

Pipe jacking machine

T

Cutterhead Shield shell Cutterhead Pipe-jacking shell
(a) (b)
FiGure 6: Tail void of shield and pipe jacking: (a) Shield tail void. (b) Pipe jacking tail void.
TaBLE 1: Model size and structural parameters.
Name X (m) Y (m) Z (m) E (GPa) Neutral pillar Reduction factor Equivalent layer (m)
Shield 172 67 42 20.7 (C50) Yes 0.6 0.2
Pipe jacking 84 67 42 34.5 (C50) No 1.0 0.06

3.2.2. Comparison of Numerical and Field Measurement
Results. The shield machine will pass through the Xinkai
River area during the tunnelling process (see Figure 3). To
eliminate the influence of this area, the measurement
sections of the Xinkai River and the originating area are
ignored. Three measurement sections, DBC-20, DBC-95,
and DBC-125, are selected for analysis. The final ground
settlement of the shield is in the range of 23.1
mm-24.5mm, and the numerical simulation value of
25.4 mm fitted the field measurement data well as shown in

Figure 11. There was no significant difference between the
width of the settlement trough at the field measurement
points and the numerical simulation. At the same time, as
shown in Figures 11 and 12, the surface settlement of the
shield measured in the field is significantly larger than that
of the pipe jacking, which is in agreement with the nu-
merical simulation results.

The final surface settlement data of three measurement
sections of DBC-10, DBC-20, and DBC-30 in the pipe
jacking interval are selected for analysis, and the results of
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TABLE 2: Stratum physical parameters.

Stratum K, y (KN/m?>) E, (MPa) % C (kPa) o ()

@1 miscellaneous fill 0.50 17.50 3.00 0.33 8.00 15.00
@4 sandy silt 0.52 19.20 6.00 0.34 4.00 26.00
®4 sandy silt 0.45 19.20 14.00 0.32 6.00 30.00
®>5 sand with sandy silt 0.37 19.70 10.00 0.28 5.00 34.00
®7 sandy silt 0.52 19.40 15.00 0.31 7.00 24.00
®2 muddy silty clay 0.38 19.90 4.00 0.27 12.00 10.00
@2 silty clay 0.45 18.20 8.50 0.34 10.00 16.00

Here D1 represents the first layer in the first layer of the stratum and @4 represents the fourth layer in the second layer of the stratum, etc.

Finite Element Simulation
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FIGURE 7: Simulation process.

numerical simulation are compared with the field measured
surface settlement of pipe jacking. The results are shown in
Figure 12. The final settlement measured in the field is
13.6 mm~17.4mm, which is slightly smaller than the
17.43 mm of numerical simulation. The width of the set-
tlement trough of the numerical simulation curve is non-
significant with the field measurement point, and the
prediction effect of the numerical simulation is generally
good.

The ground surface settlement data of the pipe jacking
DBC-20 ring, shield DBC-95 ring measurement section
center point (Figure 3), and the corresponding location
points in the model are selected. As we can see from
Figure 13, after the tunnelling machine passes the mea-
surement point position the pipe jacking’s final settlement
is about 14 mm, which is smaller than the simulation
result, and the settlement speed is also slower than the
simulation result. The measured final settlement result of
the shield is about 22 mm, which is smaller than the
simulation result, and the settlement speed of the mea-
surement results is in general agreement with the simu-
lation results settlement speed. This is mainly due to the
fact that the pipe jacking’s grouting has a pressure-
holding effect, so the stabilization of the final settlement

will be delayed, when there is uplift at the surface. The
shield grouting has no pressure-holding effect so the
settlement speed will be faster than the pipe jacking after
the uplift occurs.

4. Predictive Optimization Model and Method

The total settlement profile of a quasi-rectangular tunnel is
symmetrical Gaussian distribution along the tunnel axis.
The classical Peck formula is no longer applicable since the
difference between quasi-rectangular tunnel and circular
tunnel. Zhang et al. [24] found that the settlement curve of
the quasi-rectangular tunnel was between the circle Peck
formula and the DOT Peck formula. By using the circle
Peck formula (formula (1)) and the DOT Peck formula
(formula (3)), the formulas (formulas (5) and (6)) of the
surface loss rate corresponding to the maximum ground
settlement are derived. The formulas (5) and (6) are used to
calculate the critical ground loss rate of the circle and DOT
tunnels under different buried depths, which use 30 mm as
the control index of the maximum ground settlement value.
The ground loss rate corresponds to the control index Sk
(the maximum ground settlement), which is called the
critical ground loss rate §. The final results are shown in
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Table 3 and Figure 14. The critical ground loss rate § of
quasi-rectangular tunnels should be between the two,
namely, §, <8 <§;. When the ground loss rate of quasi-
rectangular tunnel is controlled below the critical value, the
maximum ground settlement value can meet the control
index of 30 mm.

Circular:
V. x°
S(x) :mxexp(—ﬁ), (1)
\%
S = 2
max = i )
DOT:
S(x) = Ve (x+23)°
27 X i 24>
, (3)
-23
* exp (x : ) )
V27 x i 2i
s 2V, 2.3 @
_——_—— X —— N
max = o P\ T

In the formulas, S (x) is the ground surface settlement at
the transverse distance from the center line of the DOT
tunnel x, unit m. i is the width coefficient of settlement
trough, unit m. VS is DOT shield tunnel unit length ground
loss, unit m>/ m.

5, = sk xmxé, (5)

~ Y max

exp (2.3°/2i%)

8, =8k x\2mxix v (6)
Z 0.8

i:rx(—) . @)
2r

In the formulas, i is the width coefficient of settlement
trough, unit m. r is the tunnel excavation radius, unit m. The
noncircular tunnel can be calculated according to
r = VW/n, W for the tunnel excavation area is shown in
Figure 15. Z is the buried depth of the tunnel axis, unit m.

4.1. Peck Formula Optimization of Quasi-Rectangular Shield.
The integration of the DOT Peck formula (formula (3)) leads
to formula (8), and it can be concluded that the area of the
settlement trough of the DOT Peck formula is twice the V..
Thus, the relationship between V; (Back calculation of
ground losses from numerical simulation results) and V of
DOT Peck formula can be expressed by formula (9). The
predicted surface settlement curve in the numerical simu-
lation is further back-calculated to yield a ground loss rate
8 ¢, which is 0.7% for the shield and 0.4% for the pipe jacking.

The back-calculated shield ground loss rate (6 =0.35%)
from the numerical simulation results is brought into the
DOT Peck formula, and the calculated results are shown in
Figure 16. The curve fitted by the DOT Peck formula is
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6-8mm larger than the measured surface maximum set-
tlement. Therefore, the DOT Peck formula needs to be
corrected to better fit the ground settlement of the shield.
Because the curve shape fitted by the DOT Peck formula is
related to the ground loss rate § and the settlement trough
width coefficient i. Therefore, based on the existing DOT
Peck formula, two correction coefficients A (correction
coefficient of ground loss rate) and « (correction coefficient
of settlement trough width) are proposed to optimize the
formula (formula (10)-(13)). It can be seen from Figure 16
that when A is 0.85~0.91 and « is 1~ 1.1, the correlation
coefficient R of the fitting curve is 0.97 ~0.98. This shows
that the modified formula can more accurately predict the
surface settlement induced by quasi-rectangular shield
tunnelling. Therefore, to achieve a better prediction effect, it
is recommended to use the corresponding correction co-
efficient when using the range of ground loss rate § rec-
ommended in Table 3.

tunnel:

2
S(x) = Ve X exp (_7(x il 3'3) )

\V2m x iy, 2i,
(10)
Ve - 2.3)?
aaxi, P\ a2 )
st:)t-(?-n-rzzé‘x-mrz, (11)
5, =1-6, (12)
i, =a-i (13)

Here, 6§ I is the ground loss rate back-calculated from the
numerical simulation results, and § is the ground loss rate in
the DOT Peck formula. §,, is the corrected ground loss rate, i,
is the corrected settlement trough width coefficient, unit m.

4.2. Peck Formula Optimization of Quasi-Rectangular Pipe
Jacking. The ground loss rate (6=0.2%) is back-calculated
based on the numerical simulation results of pipe jacking,
and it can be found that the settlement trough fitted by the
measured data of pipe jacking is wider than that fitted by the
DOT Peck formula (Figure 17). Similarly, in order to better
let the DOT Peck formula predict the ground settlement of
the pipe jacking. Two correction coefficients A and « are used
to optimize the existing DOT Peck formula (formula
(10)-(13)). As shown in Figure 17, when A is in the range of
1.2~1.4 and « is in the range of 1.4~1.6, the modified
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TaBLE 3: The critical ground loss ratio of different tunnel depths [24].

Axis buried depth Z (m) Width coefficient of settlement trough i (m) Critical ground loss rate §; (%) Critical ground loss rate &, (%)

6 3.29 0.344 0.194
7 3.73 0.389 0.214
8 4.15 0.433 0.233
9 4.56 0.476 0.253
10 4.96 0.518 0.273
11 5.35 0.559 0.292
12 5.73 0.599 0.311
13 6.11 0.639 0.330
14 6.49 0.678 0.349
15 6.86 0.716 0.367
8
w
7 -
& I 4
w©w 6 4 Settlement trough of circular tunnel
% Settlement trough of quasi rectangular tunnel
I 5 Settlement trough of DOT tunnel
g2 5
)
=
g 47 i
S‘Q
=
S 3 4
5
27 I Figure 15: The rough sketch of surface settlement induced by
. circular, DOT, and quasi-rectangular shield construction. [24].
6 8 10 12 14

Axis buried depth Z/m

—o— Critical ground loss rate §;

—e— Ciritical ground loss rate §,

FiGure 14: The critical ground loss ratio versus tunnel depth [24].

formula can better fit the characteristics of wide pipe jacking
settlement trough. The correlation coefficient R of the im-
proved Peck formula is in the range of 0.92~0.99. The
correlation coeflicient R of the uncorrected Peck formula is
0.62~0.89, as shown in Figure 17. This shows that the
improved formula has a good prediction effect on surface
settlement caused by quasi-rectangular pipe jacking
construction.

5. Analysis of Sensitivity Factors of
Ground Settlement

5.1. Analysis of Grouting Pressure. In the construction of
shield and pipe jacking, the ground settlement can be
controlled by adjusting the grouting pressure during the
grout. Due to the difference between shield grout and pipe
jacking grout, changes in grouting pressure have different
effects on ground surface settlement. In this study, the
sensitivity of grouting pressure to the ground settlement is
studied by adjusting the variation of grouting pressure
parameters.

The ground settlement of shield and pipe jacking is shown
in Figure 18 under the conditions of 176 kPa (under balance

pressure 20%), 220kPa (balance pressure), and 264kPa
(surplus balance pressure 20%). The ground settlement of the
shield increased by 1.26 mm under 176 kPa and decreased by
0.68mm under 264kPa. The ground settlement of pipe
jacking increases 8.19 mm when grouting pressure is under
176 kPa and decreases 5 mm when grouting pressure is under
264kPa. Under the same grouting pressure change, the
ground settlement of the shield is much smaller than that of
pipe jacking. Since the grouting of pipe jacking has a certain
pressure-holding effect, the continuous grouting pressure has
a supporting effect on the stratum, which effectively reduces
the surface settlement. Therefore, the control of pipe jacking
grouting pressure on surface settlement is much more ob-
vious compared with shield grouting pressure.

5.2. Analysis of Grout Materials. The change of elastic
modulus of grout material will affect ground settlement
[25]. In order to study the influence of grout material
strength change (mainly for the elastic modulus of grout
material) on shield and pipe jacking. In this study, the
long-term hardening elastic modulus of shield grout
material was increased by 200% (8 MPa), 250% (10 MPa),
and 300% (12 MPa), respectively. The pipe jacking grout
material does not harden, its elastic modulus is similar to
the shield grout material’s initial elastic modulus.
Therefore, the pipe jacking grout material is enhanced
with 0.6 MPa as the benchmark, which is increased by
150% (0.9 MPa) and 200% (1.2 MPa), respectively.

As shown in Figure 19(a), when the long-term harden
elastic modulus of shield grout material increases by 200%, the
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FIGURE 16: Field measurement and Peck formula optimization of shield ground surface settlement: (a) DBC-20. (b) DBC-95. (c) DBC-125.
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FIGURE 17: Field measurement and Peck formula optimization of pipe jacking ground surface settlement: (a) DBC-10. (b) DBC-20. (c) DBC-
30.
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F1GURre 18: Ground surface settlement of shield and pipe jacking under different grouting pressures: (a) Ground surface settlement of shield.
(b) Ground surface settlement of pipe jacking.



12

0 T T T T T T T 1
‘»
—~ _4 B '-'
g
E 8f ¢
= B
Qo -12 + B
b t
3 -16 B
E
£ 20
2
O 24+
28 |
Il 1 1 1 1 1 1 J
0 4 8 12 16 20 24 28
Construction step
--e.- E=4 MPa - E=10 MPa
--e.- E=8 MPa --=.. E=12 MPa

(a)

Advances in Civil Engineering

0 * hd R T T T T T 1
.
4| .,
g
E st
E 12
- - ™ A Ak A
g R RSO DAY
g o e eae e
E
£ 20
<]
O -24}
28 |
1 1 1 1 1 1 J
0 2 4 6 8 10 12 14
Construction step
e E=0.6 MPa
--e-- E=0.9 MPa
-« E=1.2 MPa

(b)

F1GURE 19: Longitudinal ground settlement of shield and pipe jacking under different elastic modulus: (a) Longitudinal settlement of shield.

(b) Longitudinal settlement of pipe jacking.

s
g
2
2 ttl £ no retreat -
E Settlement zone of no retrea
£ ’ / Settlement zone of no retreat 5
e -5 T p = 3
2 \ zone of retreat 3 cm -
E S0 N g
El a
% A
g 2 o § g
3 o El-
5] & g
& o §
N & S z
> \‘:@Q & §<,}c,“““ g =
- N
B s d zone of retreat g £
& @ g i
i, oW & S 5
laye, o o o E
4, B o o s
W O o
m”‘”o, \@Q © £ o & i
"¢ o A « 2
[z N g
N S
K PO = 2
g
4

()

Sett! at

-20000 -15000 -10000 -5000 0 5000 10000 15000 20000

Distance from center of tunnel (mm)

()

F1GURE 20: 3D map and plane map of settlement superposition when no retreat and 3 cm retreat of pipe section: (a) No retreat and retreat
3 cm settlement superimposed 3D map. (b) No retreat and retreat 3 cm settlement superposition plane map.

settlement decreases by 1.6 mm compared with that of 4 MPa.
The settlement decreases by 2.2 mm when the reinforcement is
250% and 2.63 mm when the reinforcement is 300%. It can be
seen from Figure 19(b) that when the elastic modulus of pipe
jacking grout material increases from 0.6 MPa to 0.9 MPa, the
settlement decreases by 3.4 mm, and when the elastic modulus
increases to 1.2 MPa, the settlement decreases by 5mm. By
comparison, it can be found that with the enhancement of the
pipe jacking grout material elastic modulus the influence on the
ground settlement is more obvious than that of the shield.

5.3. Analysis of Tunnelling Pressure Difference. In the process
of pipe jacking tunnel construction, due to the differential
pressure between the soil pressure in front of the excavation

surface and the cutter head, the head of the machine will
retreat. Compared with the grout material used in the shield
method, the grout material used in pipe jacking will ag-
gravate the overall retreat of the pipe section. In this project,
it is measured that the overall retreat of the pipe jacking
section is about 2cm ~ 3 cm, and the overall retreat of the
lining ring of the shield method is about 1 cm. Considering
that the distance of pipe jacking interval is shorter than that
of shield interval and the retreat is larger than that of shield,
this study mainly focuses on the influence of pipe jacking
interval retreat on ground settlement. By applying the forced
displacement in the range of 1cm~3cm in the three-di-
mensional model, the influence of ground settlement caused

by the overall displacement of the pipe section is shown in
Figure 20.
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After the overall displacement is applied to the pipe
section, it can be seen in Figure 21 that it can be divided into
three impact zones: settlement zone 1 (20 m ~ 30 m), uplift
zone (35m~52m), and settlement zone 2 (55m ~ 65 m).
When the displacement of 1cm is applied, the maximum
settlement of 1.93 mm appeared on settlement zone 1. The
uplift zone shows a maximum uplift of 1.9 mm. When the
retreat displacement increases, the settlement in settlement
zone 1 will also increase. When the retreat increases by 2 cm,
the settlement of settlement zone 1 increases by 0.7 mm at
most, and the uplift zone’s uplift will gradually decrease, and
the maximum will decrease by 0.77 mm. At the same time,
with the increase of retreat, settlement zone 2 gradually
appears, the maximum settlement in settlement zone 2 is
0.31 mm. The main reason for the above phenomenon is that
the cutter head’s retreating formed a certain gap, leading to
the front soil settlement. Due to the early construction of the
tunnel in the direction of the originating well, the settlement
is larger than that of other areas, and the retreat of the pipe
section will aggravate the settlement in the direction of the
originating well, resulting in the overall rotation of the pipe
section. This also reduces the settlement of the middle area.

6. Conclusions

In this study, the differences in ground settlement caused by
the pipe jacking method and the shield method in the same
stratum are investigated by numerical analysis. The ground
surface settlement caused by the two construction methods
is compared and verified with the measured settlement data.
At the same time, the DOT Peck formula is modified, and
the sensitive factors that have the greatest impact on ground
surface settlement in the tunnelling process are given
through parameter analysis.

The numerical simulation results show that the ground
settlement caused by the shield is larger than that caused by pipe
jacking in each stage of tunnelling process. The final ground
surface settlement of pipe jacking is about 17.4 mm, and the
final ground surface settlement of shield is about 25.4 mm.
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Field measurement shows that the ground surface set-
tlement range of the pipe jacking is 13.59 mm ~ 17.4 mm, and
that of the shield is 23.11 mm ~ 24.5 mm, which verifies that
the shield has a larger settlement than the pipe jacking. Two
correction coefficients A and « are proposed to correct the
DOT Peck formula. When shield engineering A is 0.85 ~ 0.91
and « is 1~ 1.1, the formula is more accurate for settlement
prediction. For the pipe jacking A in 1.2~14, « in 1.4~ 1.6.
The correlation coeflicient R reaches 0.92 ~ 0.99, which has a
good prediction effect on quasi-rectangular pipe jacking.

By comparing the grout pressure of shield and pipe
jacking under the condition of under balance pressure and
surplus balance pressure, it can be concluded that the change
of pipe jacking grouting pressure has a more significant
influence on surface settlement. Under 176 kPa, the pipe
jacking settlement increases by 8.19 mm, and the shield is
1.26 mm. The ground settlement of the pipe jacking is re-
duced by 5mm and the shield is 0.68 mm under 264 kPa.

It can be found from the elastic modulus enhancement of
shield and pipe jacking grout materials that pipe jacking is
more conducive to reducing ground surface settlement than
shield after increasing the elastic modulus of grout materials.
When the long-term hardened elastic modulus of shield
grout materials increases by 300%, the settlement decreases
by about 2.63 mm compared with 4 MPa. When the elastic
modulus of pipe jacking grout materials increases by 200%,
the settlement decreases by 5 mm.

In the numerical simulation, the pipe section applied
1 cm ~ 3 cm overall retreat, and the surface settlement value
increased by 1.93mm in settlement zone 1. The surface
settlement in the uplift zone will decrease by about 1.9 mm,
and the surface settlement in settlement zone 2 will gradually
increase with the increase of the retreat.
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