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For the support problem of the super-large section cut in working face with large mining height, the 1105 cut pilot chamber of
Zhaogu No. 2 Mine, the roof strata structure detection and the strata movement rule research were conducted. +e results prove
that concentrate fracture area, gradually sparse fracture area, and rare fracture area regularly distributed from the surface to the
deep area of the roof of 1105 cut, and less fracture exists in the rock stratum of roof above 3.5m, and the stratum of roof within the
range of 4–6m is stable. Authors propose the long bolt and cable combined supporting technology and optimized the design plan
applying theoretical calculation and computer numerical simulation. +e scheme has been applied in the field of the 1105 super-
large section cut in Zhaogu No. 2 Mine. +e monitoring results show that the scheme can effectively control surrounding rock of
roadway, and the support with long bolt has good effectiveness.

1. Introduction

As the coal mine high yield and high efficient working face
advance and further improve the degree of mechanization,
especially the use of large mining heights, working face
equipment is becoming larger and larger, and the open cut
span of working face is also increasing, which increases the
difficulty of support and maintenance. +e support problem
of the super-large cross-section open cut has become an
important problem in the field of coal mine safety [1–11]. In
terms of technology, the research on the prevention and
control measures of rock burst has also been constantly
improved, and the pressure relief method has made rapid
progress. A variety of methods have been successfully used
to prevent rock burst at home and abroad [10, 12, 13]. In this
study, the large-diameter boreholes in the coal roadway
pressure relief mechanism and reasonable parameters fur-
ther research will be conducted. At the same time, it analyzes
the layout direction, diameter, hole spacing, hole depth
parameters, and their reasonable combinations of large-
diameter boreholes, so that to provide extremely important
theoretical support for the practical application and

popularization of large-diameter borehole pressure relief
technology and has great practical application value.

2. Project Overview

+e 1105 working face is the first large mining height
working face of the Zhaogu No. 2 Mine, with an elevation of
−636 to −618m, which is a typical deep buried layout. +e
No. 2 coal seam is mainly mined at the 1,105 large mining
height working face. +e average thickness of the No. 2 coal
seam is 6.32m. +e false roof is mainly mudstone and
carbonaceous mudstone less than 0.5m, which are only
scattered in this area and generally fall with the mining. +e
thickness of the direct roof is generally 1.0–6.5m, which is
dominated by mudstone roof and accounts for 70% of the
coal bearing area.+e distribution area of sandstone is about
20% of the coal bearing area and sandy mudstone accounts
for 15% of the coal bearing area. +e old roof thickness is
0.94–19.85m, and the average thickness is 7.46m siltstone.
+e mechanical strength of the roof sandstone is medium,
and the mudstone siltstone is medium-low, which belongs to
the roof with medium-low management degree. +e floor of

Hindawi
Advances in Civil Engineering
Volume 2021, Article ID 3304049, 6 pages
https://doi.org/10.1155/2021/3304049

mailto:263232856@qq.com
https://orcid.org/0000-0003-2902-0366
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/3304049


the second coal seam is dominated by mudstone and sandy
mudstone, with a thickness of 9.1–17.27m, with an average
of 12.84m. +e comprehensive coal and rock layer of the
working face is shown in Figure 1.

+e cutout of the 1105 working surface is a rectangular
section with a design length of 180m, a height of 4.62m, a
normal section width of 9.2m, and a nose and tail section
width of 10.2m. During tunneling construction, the small
section guide adit shall be tunneled first, the width of which
is 4.8m, and the support shall be expanded to the normal
section before installation.

3. Supporting Mechanism of 1105 Super-Large
Section Open Cut

3.1. Fine Detection of Roof Rock Structure. +ickness of roof
strata and the intensity have an important effect on roof
stability, but due to the complexity of coal-forming envi-
ronment and geological changes, different positions of roof
rock strata thickness and strength can produce a very big
change; in order to get the roof strata structure features of
1105 cut, thirteen roof detection boreholes are uniformly
arranged in the guide tunnel of the off-cut, and the rock
structure peeping instrument is used to detect the roof
layering, layer thickness, rock cracks, and lithology to
provide a basis for the design of the later off-cut support.
+e fine detection results of the roof rock formations show
that the lithology within 10m above the roof of the 1105
notch is relatively simple, the lower part is sandy mudstone
with low strength and low cohesion, and the upper part is
fine-grained sandstone; along the axial direction of the
notch, the roof sandy mudstone layers at both ends are
thinner than the middle part of the cut, and the ends of the
fine-grained sandstone layers are slightly thicker than the
middle. +ere are many cracks in the shallow part of the
roof.+e closer the roof is to the surface, the more fractured
the surrounding rock is. From the surface of the roof to the
deep part, there are different characteristics, such as dense
fracture zone, sparse fracture zone, and rare fracture zone.
In most boreholes, the fractures above 3.5m are not par-
ticularly obvious. Based on the above rock structure
characteristics, the length of anchor rod should be in-
creased after the brush cross-section, and the anchorage
end should be extended above the fissure dense area to
ensure the stability of the roof in the shallow fissure dense
area.

3.2. Movement Law of Rock Stratum on the Roof of Guide
Tunnel. After the excavation of the guide tunnel, the
original design plan is adopted for the combined support of
bolts and cables. +e bolt specifications are
20mm × 2400mm rebar resin bolts, the row spacing be-
tween the top bolts is 800mm × 800mm, and the anchor
cable specification is 21.6mm × 8250mm anchor cable,
with a row spacing of 1,600mm × 1,600mm. After the
excavation of the roadway, the stress of the surrounding
rock on the roof is transferred and concentrated, and the
layered roof is prone to separation failure after

deformation. In order to grasp the separation failure area of
the guide tunnel of the cutoff cut and judge the support
effect, it is the bolt (cable) parameter that optimizes and
determines the reasonable length of the anchor rod to
obtain basic field data. Set up rock movement measurement
stations on the roof of the guide tunnel and install 2.0m,
4.0m, 6.0m, and 10.0m at each measurement station.
Observe base points at different depths. +e monitoring
curve of multibase displacement in the roof of the guide
adit is shown in Figure 2.

+e monitoring data show that the overall deformation
of the roof increases rapidly after the opening of the open-
hole guide adit and gradually slows down. After 20 d, the
deformation of the roof is stable at about 150mm. +e
deformation of the roof mainly occurs within 4m of the
depth of the roof, accounting for about 80 of the overall
deformation of the roof. Among them, the displacement of
roof in the range of 2–4m is about 50mm because the
common short bolt is not long enough to control the stability
of rock stratum in this range. +e displacement of the roof
rock in the range of 4m is close to coincide with the dis-
placement of the rock in the range of 6m, and the dis-
placement change trend is synchronized, indicating that the
rock formation in the range of 4–6m from the roof of the
1105 cutoff cut is relatively stable. +e anchor end of the rod
is extended to a range of 4–6m, and the rock formation with
a large displacement within the range of 4m is suspended on
the stable rock formation. Mechanically calculate stability of
roof rock beam. After roadway excavation, the roof will bend
and sink to a certain extent under the action of overlying
strata load. With the increase of roadway section, the total
subsidence of the roof will increase and the stability will be
greatly reduced. +e ultimate span formula of the simply
supported beam of material mechanics was used to calculate
the subsidence amount of the roadway roof, and a coor-
dinate system is established as shown in Figure 3. +e de-
flection at the left and right hinge supports of the boundary
condition was equal to zero.

+e bending moment equation of the beam is

M(X) �
ql

2
x −

1
2

qx
2
, (1)

whereM is the bending moment of the beam, q is the load of
overlying strata, and l is the rock beam span.

Substitute formula (1) into the approximate differential
equation of the deflection curve of a straight beam:

EIω″ � −M(X), (2)

whereω″ is the second derivative of beam deflection, E is the
elastic modulus of roof rock mass, and I is the moment of
inertia of the roof rock beam.

+e deflection curve equation of the roof beam is

ω �
qx

24EI
l
3

− 2lx
2

+ x
3

 . (3)

+erefore, it is judged that the maximum deflectionmust
be in the middle of the beam span, that is, at x� 1/2. At this
time,
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ωmax � ω|x�(l/2) �
5ql

4

384EI
. (4)

As the height of the roof rock beam remains unchanged,
the moment of inertia of the roof rock beam is proportional
to the span l of the rock beam, namely,

I �
h
3

12
l. (5)

Substituting equation (5) into equation (4), that is, the
maximum deflection of a rock beam with a roadway roof is

ωmax �
5ql

3

32Eh
3.

(6)

It can be seen from equation (6) that the maximum
sinking deformation of the roadway roof is proportional to
the third power of the roadway span l. For the 1105 cutoff, the
previous monitoring data show that the deformation of the
guide way roof is about 150mm, which is extended to normal.
After the cross-section, the deformation of the top plate of the
open cut will increase by 6–9 times, and the safety of the top

plate cannot be guaranteed. +erefore, for the support of the
super-large cross-section open cut, it is necessary to adopt
measures such as erecting a column to reduce the span.

4. Large Section Open Cut Support Plan

4.1. Numerical Calculation of Long Bolt Support Scheme.
Use FLAC numerical simulation software to calculate and
compare the supporting effect of the long bolt support
scheme and the original guide tunnel support scheme and
further study the deformation displacement and stress
distribution of the surrounding rock of the super-large
section cutout. Establish a calculation model for the 1105
cut, the cut length is 180m, and the average thickness of
the coal seam is 6.32m. +e cutout section is rectangular,
9.20 m wide, and 4.72m high. Both sides of the cut are
solid coal. +e calculation model selects the x-axis di-
rection as the advancing direction along the working face
and the y-axis direction as the vertical direction. In the x-
axis direction, take 50m to the left from the center line of
the roadway and 50m to the right. In the direction of the
y-axis, take 36.5 m toward the top rock layer, add a
uniform load to the upper boundary, and take 30.0m
toward the bottom rock layer. +e constitutive relation-
ship of the surrounding rock of the cut hole adopts the
Mohr–Coulomb model. +e mechanical parameters of
coal and rock in the model are given in Table 1. Figure 4 is

F q Fq

BA
x

y
M

ωmax

l

Figure 3: Mechanics model of simply supported beam of roadway
roof.
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Figure 2: Multibase point displacement monitoring curve in the
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a simulation diagram of the shaping zone and stress
distribution in the surrounding rock with different length
bolts.

Figures 4(a) and 4(b) show that the maximum shaping
area of the top plate in the middle of the original support
plan is 5m, and the shaping range of the top plates near the
two banks is gradually smaller than the middle. Due to the
many cracks in the shallow part of the eye roof and the
decrease in rock strength, the stress at 2m from the roof
reaches 10MPa, and the stress at 3.2–6m reaches 20MPa.
Figure 4(c) shows that the plastic failure of the top plate near
the two sides is only 2m, and the plastic failure of the top

plate in the middle of the cut reaches 4m, which is 1m less
than the plastic failure range when ordinary bolts are used
(Figure 4(d)). It shows that as the distance between the top
plates increases, the stress rises significantly. +e stress rises
to 10MPa in the range of 1-2m and reaches 22.5MPa above
6.2m.

+e above analysis shows that the surrounding rock
shaping zone of the long bolt support scheme is smaller than
the surrounding rock shaping zone of the original scheme.
+e ordinary bolts are all located in the plastic zone, while
the long bolts can be anchored to the stable rock formation
outside the plastic zone.

Table 1: Mechanical parameters of rock and coal in the calculation model.

Rock formation
name

Density
(kg m−3)

Shear modulus
(GPa)

Bulk modulus
(GPa)

Cohesion
(MPa)

Internal friction
angle(°)

Tensile strength
(MPa)

Medium sandstone 2420 9.477 10.264 12.18 40.33 3.536
Coarse sandstone 2392 4.450 5.632 8.37 44.52 1.758
2-1 coal 1450 2.130 6.389 4.2 32 1.050
Sandy mudstone 2560 3.23 4.18 6.51 36 1.12
Mudstone 2593 2.02 3.70 5.01 38 0.64

(a) (b)

(c) (d)

Figure 4: Simulation of the plastic zone and stress distribution of different lengths of bolt support in the surrounding rock. (a) Ordinary bolt
support scheme shaping area. (b) Stress distribution of ordinary bolt support scheme. (c) Long bolt support scheme shaping area. (d) Stress
distribution of long bolt support scheme.
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4.2. 1105 Super-Large Section Open Cut Support Plan.
According to the results of fine detection of roof strata and
numerical simulation of rock strata movement, the support
scheme of 1105 super-large section cut holes with superlong
bolt and anchor cable combined with rows of single pillar is
determined.

(1) Roof support: the roof of the cutoff guide tunnel
adopts 21.6mm to construct 6 anchor rods, as shown
in Figure 5(a). In addition, two rows of single pillars
are erected to support the roof.+e top plate after the
cutout is enlarged, uses 20mm× 5000mm superlong
bolts with a row spacing of 800mm× 800mm, and
each row at the top is constructed with 7 bolts; the
anchor cables are in the middle of the cutout except
for the anchor cables used on the roof of the guide
tunnel. In addition, a 16mm× 12,000mm reinforced
anchor cable is installed, with a row spacing of
1,600mm× 1,600mm, and a pallet of
12mm× 400mm× 400mm,
12mm× 200mm× 200mm× 200mm steel plates,
and 50mm× 200mm. Use wooden pads together. At
the same time, erect two rows of single pillars to
support the roof.

(2) Lane support: the bolt specifications are
20mm× 2400mm rebar resin bolts, with a row
spacing of 700mm× 800mm, and each row is
constructed with 6 bolts. As shown in Figure 5(b),
the pallet is made of W-shaped steel belt and
10mm× 150mm. +e 150mm anchor rod tray is
used in conjunction with the anchor rod and steel
ladder to hit the stubble mesh. +e metal mesh is
welded with 5.6mm steel bars, the mesh size is
900mm× 1700mm, the mesh is overlapped by
100mm, and each grid is tied with 14# lead wire.

(3) Supplementary materials: each top bolt uses one
Z2360 resin anchoring agent and one CK2360 resin
anchoring agent; each anchor bolt uses one Z2345

resin anchoring agent and one CK2345 resin an-
choring agent; each anchor used two pieces of Z2360
resin anchoring agent and two pieces of CK2360
resin anchoring agent. +e steel ladder is made of
14mm round steel bars, the length of the steel ladder
is 4160mm, and the width is 70mm.

5. Support Effect Monitoring

5.1. Displacement Monitoring of Open Cut Roof. In order to
master the activity rule and supporting effect of the sur-
rounding rock controlled by the long bolt and anchor cable
supporting scheme and to provide data for the further
improvement and optimization of supporting parameters in
the future, the surface displacement of surrounding rock was
observed during the construction process of extending the
wall to the normal section. It can be seen from Figure 6 that
after the secondary construction of the cutoff cut adopts the
long anchor rod and the anchor cable support scheme, the
overall roof deformation is small, and the displacement of
the cutoff cut near the end of the mining roadway is greater
than the top displacement in the middle of the cutoff cut and
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Figure 5: Layout of 1105 incisional eye support. (a) Layout plan of 1105 notch roof support. (b) Section view of top plate support layout of
1105 cut.
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Figure 6: Deformation curve of the top plate of the open cut.
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is closed to the end of the transportation roadway. +e
deformation becomes stable when the deformation reaches
about 90mm, and the roof deformation in the middle of the
cut (90m away from the transportation lane) becomes stable
when it reaches 75mm, which is less than the deformation of
the guide tunnel roof of the cut (about 150mm).

5.2. Simulation Diagram of the Plastic Zone and Stress Dis-
tribution Generated in the Rock. During the construction
process from the cut to the normal section, the support
resistance of the superlong bolts used was monitored. In
Figure 7, the 1#, 2#, and 3# long bolts are the supporting
resistance curves of the long bolts at the center of the cut at
10m, 90m, and 150m away from the transportation
roadway. +e initial anchoring force of the extralong bolt is
in the range of 50–100 kN, and it starts to receive the force
stably when it reaches about 100–150 kN, and the overall
supporting effect is good.

6. Conclusion

(1) According to the fine detection of the rock structure
and the study on the law of rock strata movement,
the shallow fractures in the roof of the super-large
section 1105 of Zhaogu No. 2 mine densely devel-
oped, the fractures above 3.5m are gradually sparse,
and there is basically no separation in the ceiling
within the range of 4–6m. In order to ensure the
stability of the rock strata, long bolts should be used
to anchor the shallow surrounding rocks to the stable
rock strata.

(2) Superlong bolt combined with anchor cable support
technology effectively controls the surrounding rock
deformation of the super-large cross-section in
Zhaogu No. 2 mine, solving the support problem of
the super-large cross-section in Zhaogu No. 2 mine.

(3) +e superlong bolt combined with anchor cable
support technology is suitable for the roadway with
great difficulty in surrounding rock control, such as
the intersection of roadway with large broken

overhanging roof area in the shallow section of large
section. +is technology has strong pertinence and
wide application scope.
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In order to realize the safe and efficient mining of the short-distance isolated island working face under the deep goaf area, the
120502 isolated island working face of Liuzhuang Mine was taken as the engineering background. )e method of combining
numerical simulation and field measurement were used comprehensively to systematically simulate and study the spatial
evolution of the stress field, plastic strain field, and fracture field of coal rock during the mining process. )e leading support
pressure and the vertical displacement of the roof in the overlapping section and noncoinciding section of the isolated working
face and the goaf above were measured on site. )e results are that the peak value of the advanced support pressure of the overlap
section and the nonoverlapping section is 10m before the coal wall of the working face; the advanced support pressure of the
nonoverlapping section is 33.3MPa, and the vertical displacement of the roof is 300mm. )e advanced support pressure and the
vertical displacement of the roof in the noncoincidence section were significantly higher than those in the coincidence section of
18.2MPa and 210mm.)e results are consistent with those predicted by numerical simulation. )is provides theoretical support
for the safe mining of the 120502 isolated island working face in Liuzhuang Mine and, at the same time, provides a reference for
the study of similar working faces in other domestic mining areas.

1. Introduction

As the mining of coal resources in our country continues to
move to the depths, due to the influence of geological
conditions and the need for safe mining in the mines, it is
inevitable that deep mine isolated islands are formed [1–4].
)e coal rock masses in many mines have a certain tendency
to impact, so the mining of isolated island working faces will
encounter more complicated safety problems. Due to the
open space on both sides of the isolated working face, the
surrounding rock of the roadway is under a high-stress
environment for a long time. As a result, the pressure of the
mine becomes obvious, and the surrounding rock is de-
formed and damaged seriously [5–7]. It is difficult to support
and maintain the two lanes and the open-off cut. )e ad-
jacent rock mass is in a rheological state after being
destroyed and affected by dynamic pressure. )erefore, the
behavior of mine pressure is complicated, which affects the

safe advancement of the working face [8]. To this end, re-
searchers have conducted a lot of research on the behavior of
rock pressure on the isolated island working face and rock
burst problems.

Liu et al. [9] and Lu and Shi [10] analyzed the support
pressure distribution characteristics of the ultralong-isolated
island working face and the rock pressure behavior when the
island working face crosses the fault structure. Wang et al.
[11] established a thin plate mechanics model and analyzed
the distribution behavior of the roof bending moment of the
isolated island working face. Wang et al. [12, 13] studied the
behavior of rock pressure in the short-walled coal pillar
working face of an isolated island. Zhao et al. [14] studied the
behavior of rock pressure in a typical coal seam island face in
western China. Yang et al. [15] comprehensively considered
overlying rock movement, geological structure, mining and
space, and other factors and classified isolated working faces
based on scour prevention. )e isolated island working face
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is divided into six types: full mining, insufficient mining,
full-insufficient mining, three-dimensional, “recessive,” and
compound type. In order to carry out the prevention and
control of rock burst in different types of isolated island
working faces, Dou [16, 17] proposed the detection and
prediction and control technology of rock burst hazard in
isolated island working face [18–20]. Wang et al. [21] an-
alyzed the roof rupture height of the isolated island working
face and the temporal and spatial distribution characteristics
of microseismic events in the “square” area of the working
face. Zhang et al. [22] used elastic plate theory to analyze the
elastic energy value released during the fracture of the hard
roof and used FLAC3D numerical simulation to divide the
high-stress area during the mining face. At the same time,
according to the fractal theory, the internal correlation
between the time distribution and spatial distribution of
microseismic events and rock bursts was analyzed.

)e above research studies have analyzed the appearance
behaviors of rock pressure in different types of isolated is-
land working faces and the prevention and control of rock
bursts and have achieved good results. However, there is
little research on island working faces under some complex
conditions, especially those under the goaf. Based on the
engineering background of 120502 isolated island working
face in Liu Zhuang Coal Mine, this paper analyzes the be-
havior of underground pressure on the isolated island
working face under the goaf of the deep close coal seam
group through numerical simulation and fieldmeasurement.

2. Project Overview

)e research working face is 120502 isolated island
working face of Liu Zhuang Coal Mine. 120502 isolated
island working face is located in the first level and second
mining area. )e south of the working face is the goaf of
120503 working face, the north is near the goaf of 120501
working face, and the above is the 6-1 and 8 coal goaf.
Also, the vertical distance between the overlying 6-1# coal
seam goaf and the 5# coal seam is 18m, which is an
isolated island working face under the short-distance goaf.
)e specific spatial position relationship is shown in
Figure 1.

)e 120502 working face is a monoclinic structure with
an average dip angle of 13.0°, the coal thickness of the
working face is 0.98～5.58m, and the average thickness is
4.05m. 120502 working face 5 coal false roof is not devel-
oped, the direct roof is mudstone, the upper part contains a
small amount of sandy content, and the average thickness is
8.73m. )e main roof is fine sandstone. )e geological
histogram of the coal roof and floor of the working face is
shown in Figure 2. )is working face is a low-gas working
face, and the coal seam is easy to combust spontaneously.

3. Numerical Simulation

In order to simulate the stress and deformation character-
istics of the overlying strata in different spatial layers during
the mining process and to reproduce the spatial change
process of the entire overlying strata movement and

deformation, this paper uses FLAC3D software to carry out a
numerical simulation.

3.1.ModelBuilding. A numerical model is established on the
fully mechanized mining face of the 120502 isolated island
withmain goafs on the left, right, and upper sides,)emodel
is 550m long, 360m wide, and 200m high. )e
Mohr–Coulomb constitutive model is adopted for coal and
rock mass, and its physical and mechanical parameters are
shown in Table 1.)e characteristics of the top and bottom of
the working face are shown in Figure 2. Displacement
boundary conditions are applied around the model, and the
upper part of the model is free boundary conditions. A
vertical stress of 25.1MPa is applied at the top of themodel, a
stress of 30.2MPa is applied at the bottom, and the sur-
rounding stress is 42.3MPa According to the geological and
ground stress test report of the working face, considering the
elevation of the working face and the weight of the model, a
vertical stress of 9MPa was applied to the top of the model.
)e elastoplastic model is adopted, and the Mohr–Coulomb
failure criterion is selected. )e specific mechanical pa-
rameters of the main coal and rock layers are shown in
Table 1.

3.2. Simulation Scheme. In the process of numerical simu-
lation, in order to correctly simulate the stress, displacement,
and fracture deformation characteristics of the surrounding
rock of the stope caused by the stopping of the isolated
working face, the model reaches the initial stress balance
state under the given ground stress and boundary condi-
tions. According to the sequence of the stope, the 120501,
120601, and 120503 working faces were excavated to con-
struct a “three-sided” isolated island working face. )e
stopping of the 120502 mining working face is performed
step by step. )e stopping distances are, respectively, 80m,
130m, 180m, and 240m, and each excavation is designed to
be 3000 steps. )e distribution characteristics of stress,
displacement, and plastic zone during the mining process
are studied from the two directions of working face incli-
nation and alignment direction. And, the distribution cloud
map is quantified, so as to conduct in-depth research on the
deformation characteristics of the overlying rock fractures
during the stopping process of the isolated working face.

3.3. Simulation Result Analysis

3.3.1. Analysis of Evolution Characteristics of Mining Stress
Field. After the model starts excavating, the stress distri-
bution characteristics of the central coal rock mass in the
inclined direction at the coal wall position at different ad-
vancing distances are shown in Figure 3. )e pressure relief
area in the inclined directionmoves upward in an arch shape
as the mining distance increases and gradually merges into
one body.)e coal pillar on the right side of the working face
has a high degree of stress concentration, and the stress
concentration factor has been increased from 2.54 to 4.41.
Because the coal pillar on the left is in the pressure relief
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range of the upper goaf, and the stress concentration is
relatively weak.

Figure 4 shows the vertical stress distribution cloud
diagram in the middle of the goaf in the alignment direction
when advancing at different distances. It can be seen from

Figure 1 that the 120502 working face and the 120601
working face are staggered in the horizontal direction. At the
square of the working face, affected by the mining of 5th
coal, the vertical stress distribution range of the floor rock is
enlarged. )e concentrated stress inside the coal body at the
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Figure 1: )e spatial position relationship of each working face in the mining area.

Column Rock name �ickness (m)

Mudstone 4.15

Mudstone 2.00

Mudstone 2.22

Mudstone 8.73

Mudstone 1.45
Medium-fine

sandstone 13.6

6# coal seam 1.50

5# coal seam 4.05

Fine sandstone 4.20

Fine sandstone 1.70

Fine sandstone 4.00

Fine sandstone 9.40

Sandy mudstone 5.10

Siltstone 2.70

Figure 2: Geological histogram of coal roof and floor.

Table 1: Physical and mechanical parameters of rock mass used in calculation.

Rock formation
name

Bulk density, c

(kg/m3)
Bulk modulus, K

(GPa)
Shear modulus, G

(GPa)
Cohesion, c

(MPa)
Internal friction

angle, φ (°)
Tensile strength, σb

(MPa)
Middle-fine
sandstone 2580 5.6 4.2 8 38 3.5

Siltstone 2680 5.6 4.2 8 38 3.5
5 coal 1410 1.73 0.82 0.18 20 0.2
6-1 coal 1390 2.0 0.88 0.42 24 0.3
Fine sandstone 2800 16.04 12.02 3.47 43 4.96
Mudstone 2567 4.3 2.8 0.7 30 1.68
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open-off cut gradually shifted from the 6th coal to the 5th
coal, showing that the concentrated stress at the end of the
6th coal weakened and the concentrated stress at the 5th coal
end increased.)e floor is affected by the upper coal mining,
and the front of the working face is in the mutual influence
area between the pressure relief zone and the concentrated
stress zone, and the concentrated stress is not large. When
the working face advances to 240m, the pressure at the end
of coal 6 is released. )e stress is concentrated at the end of

the lower layer coal 5, which increases the concentrated
stress and increases the degree of damage.

)e overburden strata have basically similar changes in
the alignment and inclination directions. )e stress con-
centration area and the stress reduction area are also ba-
sically the same, and they are continuously moved and
expanded in an arch shape to form connections with other
mining areas. )e main goafs on the left, right, and above all
have an impact on the deformation of the overlying rock in
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Figure 3: Cloud diagram of vertical stress distribution (inclination direction). (a) )e working face advances 80m, (b) the working face
advances 130m, (c) the working face advances 180m, and (d) the working face advances 240m.

0.0000E+00
3.3479E+05

-2.5000E+06
-5.0000E+06
-7.5000E+06
-1.0000E+07
-1.2500E+07
-1.5000E+07
-1.7500E+07
-2.0000E+07
-2.2500E+07
-2.5000E+07
-2.7500E+07
-3.0000E+07
-3.2500E+07
-3.5000E+07
-3.7478E+07

(a)

0.0000E+00
4.0276E+05

-2.5000E+06
-5.0000E+06
-7.5000E+06
-1.0000E+07
-1.2500E+07
-1.5000E+07
-1.7500E+07
-2.0000E+07
-2.2500E+07
-2.5000E+07
-2.7500E+07
-3.0000E+07
-3.2500E+07
-3.5000E+07
-3.7500E+07
-3.8062E+07

(b)

0.0000E+00
5.7828E+05

-2.5000E+06
-5.0000E+06
-7.5000E+06
-1.0000E+07
-1.2500E+07
-1.5000E+07
-1.7500E+07
-2.0000E+07
-2.2500E+07
-2.5000E+07
-2.7500E+07
-3.0000E+07
-3.2500E+07
-3.5000E+07
-3.7500E+07
-3.8452E+07

(c)

0.0000E+00

5.8218E+05

-2.5000E+06

-5.0000E+06

-7.5000E+06

-1.0000E+07

-1.2500E+07

-1.5000E+07

-1.7500E+07

-2.0000E+07

-2.2500E+07

-2.5000E+07

-2.7500E+07

-3.0000E+07

-3.1487E+07

(d)

Figure 4: Vertical stress distribution cloud diagram (alignment direction): (a) the working face advances 80m, (b) the working face
advances 130m, (c) the working face advances 180m, and (d) the working face advances 240m.
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the goaf, but the upper main goaf has the greatest distur-
bance to it.

It can be seen from Figure 5 that, in the alignment
direction, in the section overlapping with the upper goaf,
the stress concentration areas are behind the open-off cut
and in front of the working face. When the mining dis-
tance does not exceed 240m, the distribution in front of
the working face will first decrease and then increase.
When the mining distance of the working face reaches
240m, the distribution of “horizontal three areas” ap-
pears. )e support pressure in front of the working face is
increasing, and the distance between the peak support
pressure and the coal wall is stable at about 10m. In the
noncoincident zone, it can be seen from Figure 6 that the
stress concentration area remains unchanged, and the
peak stress concentration is also equivalent under dif-
ferent advancing distances. Compared with the coincident
section, the peak support pressure in the front of the
working face under the same advance distance is larger.
Comparing the two sections, it can be seen that the
overburden stress distribution characteristics of the stope
in the direction of the coincident and noncoincident
sections are basically the same. )e areas of stress con-
centration are both behind the open-off cut and in front of
the working face, and the coal rock masses nearby are
subject to greater stress, resulting in compression and
destruction.

3.3.2. Analysis of Change Characteristics of Mining Dis-
placement Field. Figure 7 reflects the vertical displacement
change curve in the direction of the 120502 and 120601
working faces at different advancing distances in the
overlapping sections. )e direction of the vertical dis-
placement in the section that coincides with the upper goaf
in the alignment direction changes from downward to
upward, and the vertical upward displacement peak remains
stable. )e change curve in the noncoincident zone is shown
in Figure 8.)e upper main golf area has a great influence on
the vertical displacement. )e peak value of the vertical
displacement increases with the increase of the mining
distance, and the vertical displacement of the overlying
strata in the mined-out area is downward during the whole
advancement process.

From the vertical displacement curve during the ad-
vancing process of the working face, it can be seen that the
vertical displacement of the overburden under different
advancing distances forms the largest sinking area in the
middle of the mined-out area, resulting in stress concen-
tration in the area behind the open-off cut and near the
working front.

It can be seen from Figure 9 that, during the mining
process of the working face, the horizontal displacement
increases continuously with the advance of the working face
in the alignment direction. )e changing graphics show
curved sinking and symmetrical, with the center of sym-
metry in the middle of the goaf.)e horizontal displacement
changes strongly behind the open-off cut and in the goaf area
in front of the working face. )e horizontal deformation of

the overlying rock is relatively large, and the overlying rock
is subjected to the combined action of horizontal stretching
and compression, resulting in more fully developed cracks.

3.3.3. Analysis of Change Characteristics of Overlying Rock
Plastic Zone. Figure 10 shows the development of the plastic
zone in inclined direction when the working face is advanced
at different distances. )e closer to the working face, the
greater the failure of coal and rock mass. H is the devel-
opment height of the fracture zone, which is 101m, 119m,
126m, and 130m, respectively. When the upper part of coal
reaches a certain height, it basically maintains a stable state.
With the advance of the working face, the working face is in
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the state of nonuniform expansion and dynamic develop-
ment and gradually intersects with other plastic areas of the
goaf. )e plastic zones of multiple working faces are
interconnected, the rock mass above the roof is in the tensile
and compressive stress zone, and the surrounding rock
cracks in the goaf are fully developed.

3.3.4. Determination of the Height Range of the Two Zones of
the Overlying Strata. )e stress discrimination method is
used to divide the height range of the caving zone, the
fracture zone, and the bending subsidence zone formed by
the movement and deformation of the overlying rock
during the mining process. )e relationship between the
principal stress in the middle position of the alignment and

the inclination directions and the distance of the roof of
the goaf when the working face in the middle position of
the overburden strata is mined at different distances is
shown in Figure 11 and 12. As the advancing distance of
the working face increases, the heights of both the caving
zone and the fracture zone show a slight increase trend. In
the alignment direction, the height of the caving zone
ranges from 6.2 to 8.7m, and the height of the fracture
zone ranges from 33.5 to 38.6m. In the inclination di-
rection, the height of the caving is in the range of 6.5 to
9.2m, and the height of the fracture zone is in the range of
34.8 to 40.5m.

4. On-Site Measurement and Analysis

In order to further study the influence of the three-side
goaf area in the mining process of the 120502 working face,

Figure 7: Vertical displacement distribution curve of the first overlying layer (coincident section).
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Figure 10: Trend of the plastic zone in the inclination direction: (a) the working face advances 80m, (b) the working face advances 130m,
(c) the working face advances 180m, and (d) the working face advances 240m.
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Figure 11: Variation curve of principal stress and the distance from the roof of the goaf (alignment direction): (a) the working face advances
80m, (b) the working face advances 130m, (c) the working face advances 180m, and (d) the working face advances 240m.
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analyze the behavior of the appearance of rock pressure in
the overlapping and noncoinciding sections with the upper
goaf area, and verify the accuracy of the numerical sim-
ulation stress and strain results, on-site monitoring of the
leading support pressure and the displacement of the
roadway roof at 120502 island working face was
conducted.

4.1. Measuring Point Layout and Monitoring Method. )e
length of the 120502 working face is 400m. After fully
considering the impact of the open-off cut and the stop line
to protect the coal pillars, three measurement points for both
stress monitoring and displacement monitoring of the
working face are, respectively, set up in the transportation
roadway and the return air roadway at both ends of the

working face. )ey are located at 100m, 200m, and 300m
away from the working face, respectively.)e borehole stress
gauge was used to measure the advance supporting pressure
of the working face, and the roof separation gauge was used
to measure the displacement of the surrounding rock of the
overlying roof of the roadway.

4.2. Analysis of Monitoring Results of Two Roadways.
Figure 13 shows the change curve of the leading support
pressure at different advancing distances during the field
measurement of the working face. )e peaks of the leading
support pressure of the working face in the coincident and
noncoincident sections are located 10m in front of the coal
wall. In the overlap section, affected by the pressure relief of
the upper goaf, the peak value of the leading support
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Figure 12: )e variation curve of principal stress and the distance from the roof of the goaf (inclination direction): (a) the working face
advances 80m, (b) the working face advances 130m, (c) the working face advances 180m, and (d) the working face advances 240m.
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pressure is between 17.5 and 19.2MPa, with an average of
18.2MPa. )e peak range of the leading support pressure in
the noncoincident section is between 30.2 and 37.1, with an
average of 33.3MPa, which is larger than the coincident zone
and consistent with the numerical simulation.

)e measured vertical displacement curve of the roof
of the roadway is shown in Figure 14. In the overlap
section, the maximum displacement of the top plate is
about 210mm. )e roof displacement of the non-
coincident section is obviously larger than that of the
coincident section. )e displacement is about 300mm,
and it is not stable. It has a tendency to continue to

increase as the working face advances, which is consistent
with the simulation result.

5. Conclusions

(1) During the excavation of isolated island working
face, the stress distribution presents the following
characteristics. In the inclination direction, the
pressure relief area expands with an arch upward
movement as the mining distance increases and
merges into a “saddle shape”. In the alignment
direction, in the section coincident with the upper
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goaf, the stress concentration area is behind the
open-off cut and in front of the working face. )e
vertical stress first decreases and then increases
with the increase of the mining distance and, fi-
nally, presents a “horizontal three-zone” distri-
bution. )e support pressure in front of the
working face is increasing, and the distance be-
tween the peak support pressure and the coal wall
is stable at about 10m. In the noncoincident zone,
the stress concentration area remains unchanged,
and the peak stress concentration is also equiva-
lent. However, under the same advancing distance,
the peak support pressure in front of the work is
higher.

(2) )e roof displacement has the following character-
istics. In the alignment direction, in the section that
overlaps with the upper goaf, the vertical displace-
ment direction of the overlying rock strata in the goaf
changes from downward to upward, and the peak
displacement remains stable. In the noncoincidence
section, the vertical displacement of the overlying
strata in the goaf is downward, and the peak value is
increasing. )e horizontal displacement increases
continuously with the advancement of the working
face in the alignment direction. )e overlying rock is
subjected to the combined action of horizontal
stretching and compression, and thus, the cracks
develop more fully. )e failure range of the plastic
zone is a “saddle shape” with a nonuniform ex-
pansion trend and an upward dynamic development.
)e plastic zone on both sides of the coal pillars has a
large development height, while the roof plastic zone
has a small development range. With the increase of
the advancing distance of the isolated island working
face, the height of the caving zone and the fracture
zone both show a slight increase trend.

(3) )e field measurement shows that the leading sup-
port pressure and top plate displacement of the
noncoincident section obviously exceed that of the
coincident section, and the peaks are all 10m in front
of the coal wall of the working face. Similarly, the
vertical displacement of the roof in the non-
coincident section is also greater than that in the
coincident section
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With the development of the Chinese railway, the high-steep slope is irreversible to be faced; especially under severe conditions
such as heavy rainfall and earthquake, this kind of slope is prone to geological disasters, which seriously affects the safety and
stability of the bridge substructure. Aiming to this, long-term monitorization and numerical analysis were carried out in this
research, and the influence mechanism of the high-steep slopes on the stress and deformation characteristics of the bridge
structure was studied. .e research results show that under the effect of rainfall and earthquake, the original stress balance in the
high-steep slope is broken, and the possibility of landslide thrust increases; under the comprehensive impact of residual landslide
thrust, traction force at slope foot, vertical gravity of bridge slab and vehicle, and the bridge cap will deform. Besides, the
deformation of the bridge pier exceeds the allowable lateral displacement of the top of the bridge pier, reaching 111.7%∼112.4% of
the limit, which seriously affects the stability of the bridge structure and the safety of the railway service. .erefore, by increasing
the support strength of the slope foot and the diameter of the bridge pile foundation, the traction force of the slope foot can be
reduced, and the sliding resistance of the bridge pile foundation can be improved so as the safety of the bridge structure can
be promoted.

1. Introduction

Considering the railway alignment and the natural envi-
ronment, many railways have to be built along high-steep
slopes during the development of the Chinese railway; at this
time, the horizontal force of the rock and soil will be sub-
jected to the substructure of the bridge. Besides, because the
substructure of the bridge is designed to mainly ensure
vertical supportability, the horizontal bearing capacity is
limited, and the deformation of the pier foundation needs to
be strictly controlled. Especially under severe conditions
such as the rainstorm and earthquake, the high-steep slope is
prone to occur whole sliding and topsoil sliding and collapse,
which seriously affects the safety and stability of the sub-
structure of the bridge [1–5].

Compared with flat areas, the substructure of bridges on
a high-steep slope is more complicated and has many dif-
ferences in bearing mechanism and stress conditions. Given

its stress characteristics, the influence of the vertical load on
the substructure of the bridge was studied from the aspect of
the load effect of the slope soil, the bridge substructure the
bearing characteristics of the slope, and the stress-strain
relationship [6–12].

.e loading mechanism of the bridge substructure is
studied mainly by using the methods of theoretical analysis,
numerical simulation, and model experiment. After being
subjected to the horizontal loading, the deformation char-
acteristics and the relationship between internal stress and
deformation of the bridge substructure were studied [13–19].

Although there has been much relevant research, they
just carry out the qualitative investigation from the aspects of
deformation characteristics and influence mechanism, and
the quantitative research is still limited.

In this paper, based on a railway, the influence mech-
anism of the high-steep slopes on the stress and deformation
characteristics of the bridge substructure was studied.
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2. Overview of Long-Term Monitorization

2.1.+e Introduction of the Project Site. .e bridge structure
is located at the foot of the steep slope, which is in the range
of the alluvial fan accumulation area and the river terrace
area, and the terrain in this area is relatively flat and is high in
the east (on the side of themountain) and low in the west (on
the side of the river), forming deep gullies. In order to reduce
the threat of high-steep slopes to the bridge substructure, the
antislide piles are mainly adopted as protective measures as
shown in Figures 1 and 2.

2.2. Stability Evaluation of High-Steep Slope. As shown in
Figure 3, the landslide scale is relatively large and composed
of two landslides in the north and south directions. For the
north landslide, the direction of the main axis is NW81°, the
longitudinal slope is about 42°, the length of the main axis is
about 130m, and the width of the landslide bottom is about
202m. From the aspect of geomorphology, the landslide has
the potential of collapse, and the sliding surface is steeper
than the accumulation layer; besides, the rock and soil are
unevenly distributed, and the weak rock and soil are easy to
be weathered and softened by water.

Under the intense effect of the geological structure, the
rock mass is broken, and the joint fissures are more de-
veloped in the shape of “X,” and the joint surface is mostly
orthogonal to the layer. .e joint surface is relatively
straight, the joints of the earth surface slightly open (1～
5mm) with the space of 0.3～1m, the sandstone spacing is
large, the slate spacing is small, and the rocks mostly

disintegrate along the joint surface, forming dangerous rocks
on the cliff.

According to the on-site survey, it is analyzed that the
high-steep slope has a significant impact on the bridge
substructure, and its instability may endanger the bridge
substructure under the condition of rainfall or earthquake.

3. Long-Term Monitorization and Analysis of
the Influence of High-Steep Slope on
Bridge Substructure

3.1. +e Design of the Long-Term Monitorization

3.1.1. Monitorization Scheme. In the field, the deep dis-
placement of the slope, the deformation and stress of the
antislide pile, and the stress of the bridge pile foundation are
all monitored.

3.1.2. Rainfall Condition. .e landslide is located in the
alpine climate zone in northwestern Sichuan, where the
annual precipitation is 500–900mm, and the 30-year av-
erage annual precipitation is 731.226mm. .e rainy season
is from early June to mid-September, accounting for about
50% to 60% of the annual rainfall.

3.1.3. Earthquake Condition. On May 12, 2008, an M8.8
earthquake occurred in Wenchuan County, Aba Prefecture,
Sichuan Province, and an M7.0 earthquake occurred in
Jiuzhaigou County, Aba Prefecture, Sichuan Province, on
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August 8, 2017. .e intensity of the area where the landslide
is located is 6.0.

3.2. Long-Term Monitorization and Analysis of the Impact of
High-Steep Slopes on Bridge Engineering under Rainfall
Conditions. As shown in Figure 4, in the rainy season, the
29# antislide pile exhibited the same deformation charac-
teristics at different depths; the displacement of the antislide
pile continuously increases, and the maximum deformation
reached 5mm at the depth of 5m.

As shown in Figure 5, it can also be found that the 29#
antislide pile exhibited the trend of the relative displacement
decreasing with the depth, and themaximumdeformation of
the surface was 6mm, indicating that the adoption of the
antislide pile is effective, and the high-steep slope is in a
stable state under normal rainfall condition.

As shown in Figure 6, in the rainy season, the body stress
on the side of the pile showed the shape of “ε” in overall and
an increasing trend. .e stress reached the maximum at
19m, with an average daily increase of 0.12MPa; this low
growth rate indicates that the antislide pile has a good
supporting effect when the pile stress is increased by the
increased slope thrust under the effect of rainfall.

As shown in Figure 7, in the rainy season, the stress on
the pile foundation of the 4# bridge pier generally showed a
gentle increasing trend with an average daily increase of
0.012MPa and reached the maximum at 10m; besides,

compared with the 29# antislide pile, its growth rate was
reduced by 90%. At the same time, the pile foundation
showed a stress reversal point near the soil-rock interface,
where the stress is −4.37MPa, and its value increased with
the rainfall; this indicates that due to the existence of the
antislide pile, the remaining landslide thrust subjected to the
bridge pile foundation is significantly reduced, and the
bridge pile foundation is nearly not affected.

In a regular rainfall year, the support structure of the
bridge can guarantee that the increased landslide thrust has
no significant impact on the stress of the bridge structure.
However, it cannot be assured under the condition of ex-
treme rainfall or continuous heavy rainfall.

3.3. Long-TermMonitorizationandAnalysis of the Influence of
High-Steep Slopes on Bridge Engineering under Earthquake
Condition. As shown in Figure 8, during the earthquake, the
29# antislide pile generally showed the characteristics of
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relative displacement decreasing with the depth, but its
variation became gentle from the depth of 25m to the depth
of 35m. After the earthquake, the displacement did not
change, indicating that the earthquake with a magnitude of

6.0 does not cause a significant impact on the high-steep
slope, and the slope can keep stable.

As shown in Figure 9, the slope was disturbed by the
earthquake, and the 29# side inclined hole produced a
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maximum displacement of 0.8 mm; this small displace-
ment suggests that the slope body is in a stable state as a
whole.

As shown in Figure 10, under the effect of the earth-
quake, the body stress of the antislide piles generally
showed a gradually increasing trend. After the earthquake,
the daily stress increment was 37 kPa, and the pile did not
change significantly, indicating that the stress of the
antislide piles plays a good supporting role and is in a stable
state.

As shown in Figure 11, during the earthquake, the
stress characteristics of the 4# bridge pier pile foundation
were similar to those in the rainy season, except that the
stress was relatively small; this indicates that due to the
antislide pile, the remaining landslide thrust caused by the
loosening of the rock and soil caused has been signifi-
cantly reduced and has no obvious impact on the bridge
pile foundation.

Under the influence of an earthquake with a magnitude
of 6, the increased landslide thrust of the high-steep slope
does not have a significant impact on the stress of the bridge
structure because of the support of the bridge structure.

However, the situation may be different under extreme
earthquake conditions.

4. Numerical Analysis of the Influence of High-
Steep Slope on Bridge Substructure

4.1. +e Numerical Simulation

4.1.1. +e Establishment of the Model. In this research,
FLAC3D software was adopted for numerical calculation
and analysis. During modelling, the soil adopts the
Mohr–Coulomb constitutive; the pile cap and the antislide
pile are simulated by solid elements; the pile foundation is
simulated by the pile element; and the anchor cable is
simulated by the cable element; besides, the normal dis-
placement is restricted, the bottom is fixed, but the slope
surface is free, as shown in Figure 12.

According to the in-site geology survey of landslides, the
stratigraphic parameters can be determined and shown in
Table 1.

4.1.2. Rainfall Condition. Rainfall will increase the water
content of the slope soil, leading to the reduction of the
cohesive force and internal friction angle, furtherly causing
slope instability. In order to model the most unfavourable
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Table 1: Physical and mechanical parameters of landslide.

Material Gravity (kN/m3) Elastic modulus (MPa) Poisson’s ratio Cohesive force (kPa) Friction angle (°)
Coarse breccia soil 20 20 0.2 10 21
Gravel soil 21 40 0.2 17 24
Strongly weathered phyllite 24 500 0.18 45 30
Moderate weathered phyllite 25 1800 0.17 200 55
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conditions of extreme rainfall, the soil parameters when the
soil is close to the saturated state were chosen.

4.1.3. Earthquake Condition. .e quasistatic method was
used to conduct seismic analysis of the slope, and the peak
acceleration of the site vibration was 0.2 g. A rare earthquake
with a fortification intensity of 8 as the basic acceleration α of
the horizontal earthquake, and the comprehensive hori-
zontal earthquake coefficient αw was taken as 0.05.

4.2. Numerical Calculation of Extreme Rainfall Condition

4.2.1. +e Analysis for the Simulate Displacement. As shown
in Figures 13–15, under the same rainfall condition, there
were three distinct areas showing deformation; among
them, the deformation of the upper side area of 66#
antislide piles was the most obvious, and the maximum
displacement of soil was 330mm; between 29# antislide
piles, the maximum deformation was 27.2mm, and the
soil between the 29# antislide pile and the cap deformed
10.68mm, suggesting that under the action of rainfall, the
slope produced landslide thrust, but the displacement
gradually decreased because of the two rows of antislide
piles. Simultaneously, the 29# antislide pile produced a
squeezing effect on the soil on the riverside; thus, the
remaining landslide thrust on the bridge cap caused the
deformation of the bridge cap, and a 100mm deformation
occurred at the toe of the slope, indicating that the
controlling deformation at the toe of the slope should be
considered during the design of the support.

Under the comprehensive effects of the landslide thrust,
the traction force from the riverside, the vertical bridge
slab, and the vehicle gravity, the bridge cap occurred an
overall inclined deformation, in which the top part moved
18.26mm to the mountainside relative to the bottom part,
and the bottom part moved 7.19mm to the riverside,

reaching 111.7% of the allowable lateral displacement limit
of 16.35mm in the “Code for Design of Railway Bridges
and Culverts” [20], and seriously affects the safety of
railway operations.

4.2.2. Stress Analysis of Bridge Pile Foundation. Under the
condition of extreme rainfall, due to the decrease in the
strength of the soil layer, the stress of the bridge pile
foundation mainly showed the following characteristics in
Figure 16.

.e distribution of the bending moment of the bridge
pile was closely related to the stratum. Under the combined
effect of the remaining landslide thrust and the traction force
of the slope toe, the distribution of the bending moment of
each pile varied; among them, pile 2 and pile 3 showed the
largest negative bending moment, and the maximum neg-
ative bending moment of pile 2 appeared at 14m below the
top of the pile, and the maximum negative bending moment
of pile 3 appeared at 23m below the top of the pile. From pile
1 to pile 4, the position of the maximum negative bending
moment continuously decreased with the bedrock of the
slope.

Compared with ordinary bridge pile foundations, the
bridge pile foundation on the high-steep slope has dual
functions of load-bearing and sliding resistance. In the
bridge design, the reinforcement of the side piles and the
caps should be paid special attention. At the same time, the
corresponding reinforcement design should be chosen
according to the distribution characteristics of the bending
moment of each pile.

4.3. Numerical Calculation and Analysis of the Extreme
Seismic Condition

4.3.1. Analysis of Displacement Calculation Results. As
shown in Figures 17–19, under the impact of seismic with
the intensity of 8°, the slope deformation characteristics were
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Figure 15: Cloud diagram of horizontal displacement of bridge cap.
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similar to those under the extreme rainfall condition. .e
deformation of the upper side of the 66# antislide pile was
the most obvious with the maximum soil displacement of
224.7mm; the maximum deformation between the 29#
antislide piles was 40mm, and the soil between the 29#
antislide pile and the cap deformed 17mm; this indicates
that under the function of two rows of antislide piles, the

remaining landslide thrust acting on the bridge cap caused
the deformation of the bridge platform, as well as the
184mm deformation at the slope toe.

Under the action of the earthquake, the bridge caps also
showed an overall inclined deformation, in which the
bottom part moved 9.86mm to the riverside and the top part
moved 18.37mm to the mountainside, reaching 112.4% of
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the 16.35mm lateral allowable displacement limit of the top
of the bridge pier in the “Code for Design of Railway Bridges
and Culverts” [20], which seriously affects the safety of
railway operation.

4.3.2. Stress Analysis of Bridge Pile Foundation. Under the
seismic intensity of 8 degrees, due to changes in the internal
bridge structure of the rock mass, the stress of the bridge pile
foundation mainly shows the following characteristics.

As shown in Figure 20, under the impact of the earth-
quake, the stress characteristics of the bridge pile foundation
were more consistent with those under rainfall; the negative
bending moment of pile 2 and pile 3 was the largest, the
maximum negative bending moment of pile 2 appeared at
14m below the top of the pile, and the maximum negative
bending moment of pile 3 appeared at 24.5m below the top
of the pile. From pile 1 to pile 4, the position of the max-
imum negative bending moment continuously decreased.

5. Conclusion and Discussion

With a railway landslide body as the background, field
monitoring tests and numerical analysis were carried out on
high-steep slopes. .e mechanism of the influence of the
high-steep slope on the bridge structure was analyzed.

(1) Under the conditions of rainfall and earthquake, the
original stress balance in the slope is broken,
resulting in the continuous increase in the landslide
thrust. Because of the existence of the supporting
structure, the remaining landslide thrust causes the
lower slope to produce compression and transmits
squeeze force to the bridge structure. Under the
effect of the remaining landslide thrust, the traction
force of the slope toe and the vertical bridge slab and
the gravity of the vehicle, the bridge cap declines and
deforms.

(2) During the in-site monitorization, under the influ-
ence of rainfall and earthquake, the antislide pile and
bridge structure deforms, but the force and defor-
mation characteristics are not obvious, and the slope
and bridge structure remains stable as a whole.

(3) Under extreme conditions such as rainfall and
earthquakes, the deformation of the bridge pier and
abutment exceeds the allowable limit of the lateral
displacement of the pier top, reaching 111.7%∼
112.4% of the limit, which seriously affects the sta-
bility of the bridge structure and the safety of railway
operations. .e horizontal bearing capacity of the
bridge structure is limited, and the deformation of
the pier foundation is strictly required. In the design
of the bridge pile foundation, the slip resistance of
the bridge pile foundation can be increased by in-
creasing the pile diameter, and the deformation of
the bridge cap can be reduced.

(4) .e bridge structure at the foot of the high-steep
slope is affected by the combined effect of the
landslide thrust and the traction force of the slope

toe. While designing the support structure, not only
the landslide thrust of the slope should be considered
but also the traction force from the slope toe.

Data Availability

.e data used to support the findings of this study are
available from the corresponding author upon request.

Conflicts of Interest

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

Acknowledgments

.is research was funded by National Key R&D Program of
China (No. 2018YFC1504902), China Railway Corporation
Research and Development of Science and Technology Plan
Project (No. P2018G001), and National Railway Group
Science and Technology Research and Development Pro-
gram (No. N2020G052).

References

[1] H. Luo, “Research on effect of heap loading on deformation
and mechanical properties of bridge double pile foundation
on steep slope,” Open Journal of Civil Engineering, vol. 10,
no. 2, pp. 117–130, 2020.

[2] L. Sun, Research on Calculation and Analysis Method of Bridge
Group Pile Foundation in Slope Section with Poor Stability,
Southwest Jiaotong University, Chengdu, China, 2019.

[3] Q. Chang, Research on the Interaction between Steep Slope and
Bridge Pile Foundation under Earthquake, Jiangxi University
of Science and Technology, Ganzhou, China, 2019.

[4] Y. Zhang, J. Tang, Z. He, and J. Tan, “A novel displacement
predictionmethod using gated recurrent unit model with time
series analysis in the Erdaohe landslide,” Natural Hazards,
vol. 105, 2020.

[5] Y. Zhang, Z. Zhang, and S. Xue, “Stability analysis of a typical
landslide mass in the .ree Gorges Reservoir under varying
reservoir water levels,” Environmental Earth Sciences, vol. 79,
no. 1, 2020.

[6] D. Qing, “.ree-dimensional finite element method for slope
stability evaluation under bridge foundation load,” Highway
Engineer, vol. 34, no. 3, pp. 38–42, 2008.

[7] M. Zhao, P. Yin, M. Yang, and Y. Li, “Analysis of mechanical
characteristics and influencing factors of bridge pile foun-
dations on high and steep slopes,” Journal of Central South
University, vol. 43, no. 7, pp. 2733–2739, 2012.

[8] W. Zhao, Q. Xie, and Y. Li, “Study on the safety distance of
bridge foundation on high and steep slope,” Journal of
Railway Engineering Society, vol. 23, no. 6, pp. 47–50, 2006.

[9] H. Lassaad, N. Hussien Mahmoud, and K. Mourad, “On the
behaviour of pile groups under combined lateral and vertical
loading,” Ocean Engineering, vol. 131, pp. 174–185, 2017.

[10] M. N. Hussien, T. Tobita, S. Iai, and M. Karray, “On the
influence of vertical loads on the lateral response of pile
foundation,” Computers and Geotechnics, vol. 55, pp. 392–
403, 2014.

[11] Y. El-Mossallamy, “Pile group action under vertical com-
pression loads,” Advances in Soil Mechanics and Geotechnical
Engineering, IOS Press, Amsterdam, Netherlands, 2014.

12 Advances in Civil Engineering



[12] C. Wang, Research on the Mechanical Behavior of +ree-Di-
mensional High Slope Rock Mass and the Determination of the
Location of the Bridge Foundation under the Load of the Bridge
Foundation, Southwest Jiaotong University, Chengdu, China,
2008.

[13] Z. Li, G. Quan, D. Liu et al., “Experimental study on hori-
zontal load of soil slope building pile foundation,” Chinese
Journal of Rock Mechanics and Engineering, vol. 23, no. 6,
pp. 930–935, 2004.

[14] O. Reul and M. F. Randolph, “Design strategies for piled rafts
subjected to nonuniform vertical loading,” Journal of Geo-
technical and Geoenvironmental Engineering, vol. 130, no. 1,
pp. 1–10, 2004.

[15] M. Gennaro, A. Osouli, Z. Siavash, and I. Shafii, “Performance
of a pier group foundation in swelling rock,” Geotechnical &
Geological Engineering, vol. 32, no. 1, pp. 197–204, 2014.

[16] G. Konstantinos, M. Georgiadis, and C. Anagnostopoulos,
“Lateral bearing capacity of rigid piles near clay slopes,” Soils
and Foundations, vol. 53, no. 1, pp. 144–154, 2013.

[17] M. Zhao, C. Yang, M. Yang et al., “Force analysis of bridge
foundation piles in steep slope section based on finite pole
element method,” China Journal of Highway and Transport,
vol. 27, no. 6, pp. 51–58, 2014.

[18] X. Gong, M. Yang, M. Zhao et al., “Model test of bearing
mechanism of bridge pile foundation in high and steep
transverse slope section in mountainous area,” China Journal
of Highway and Transport, vol. 26, no. 2, pp. 56–62, 2013.

[19] B. Yuan, K. Xu, Y. Wang, and R. Chen, “Investigation of
deflection of a laterally loaded pile and soil deformation using
the PIV technique,” International Journal of Geomechanics,
vol. 14, no. 1, pp. 1–7, 2014.

[20] .e.ird Railway Survey andDesign Institute Group Co. Ltd,
TB 10002-2017, Code for Design of Railway Bridges and
Culverts, Railway Publishing House, Beijing China, 2017.

Advances in Civil Engineering 13



Research Article
Study on the Stability of Slopes Reinforced by Composite
Vegetation Combined with a Geogrid under Rainfall Conditions

Qizhi Hu , Yong Zhou, and Gaoliang Tao

College of Civil Construction and Environment, Hubei University of Technology, Wuhan 430068, China

Correspondence should be addressed to Qizhi Hu; 709317769@qq.com

Received 22 April 2021; Revised 26 June 2021; Accepted 7 August 2021; Published 19 August 2021

Academic Editor: Dezhong Kong

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

+e planting of shrubs and trees on geogrid-reinforced slopes is an important ecological slope protectionmethod that is frequently
implemented in the rainy areas of southern China. First, this paper analyzes the soil-fixing principle of the geogrid and root system
and demonstrates the feasibility of using composite vegetation of shrubs and trees to reinforce the slope with a geogrid. Using the
Yushi Expressway project in Guizhou, we conducted a stability analysis of slopes under different working conditions and different
reinforcement modes. We determined that the ecological protection method of combining composite vegetation with a geogrid
can effectively increase the stability of slopes. +e maximum displacement of the ecological slope under rainfall conditions was
reduced by 82% compared with the original slope, and the overall stability was improved by 35%. Four factors affect the slope
stability: the depth of shrub reinforcement, depth of anchorage of trees, distribution of trees, and spacing of the geogrids. An
orthogonal analysis considering these 4 factors with 3 levels was implemented. +e following optimal combination was obtained
to ensure ecological protection under rainfall conditions: a shrub reinforcement depth of 0.6m, a tree anchorage depth of 3m, a
grid spacing of 0.4m, and a top-sparse and bottom-dense tree distribution.+e combined slope protection schematic was applied
to the Yushi Expressway project in Guizhou, and a strong reinforced slope protection effect was observed.

1. Introduction

Under rainfall conditions, the erosion resistance of exposed
slopes decreases, and soil erosion increases, which can easily
induce major natural disasters such as landslides [1, 2].
Ecological slope protection efforts consider both engineering
protection and environmental beautification and are widely
used in China. Under the action of plant roots, the surface
soil of an exposed slope is consolidated, and the shear
strength is increased. +e transpiration of plant leaves and
suction of roots also improve the suction of the surface soil,
stop ground runoff, and prevent scouring, which helps soil
and water conservation. However, the contribution of root
consolidation to slope stability is limited and not applicable
to unstable or understable slopes. With the development of
geosynthetics, geogrids have been widely used in slope
engineering due to their obvious reinforcement effect and
relatively economical nature [3]. +erefore, the planting of
shrubs and trees on geogrid-reinforced slopes can improve

the stability of slopes and highlight the ecological benefits of
such conservation efforts since it is an important method for
slope management in rainy areas.

At present, many scholars have conducted various studies
on geogrids and root reinforced slopes. Among them, nu-
merical simulation technology can intuitively analyze the
failuremechanism inside the rock and soil and is widely used in
slope stability analysis. For example, Sun et al. used the finite
element software Midas-GTS to simulate the performance of
reinforced soil slopes, and they compared the numerical
simulation results with monitoring data to verify that nu-
merical simulation techniques can reliably analyze geogrid-
reinforced slopes [4, 5]. Zhang et al. took the actual engineering
of geogrid reinforcement of the slope as an example, analyzed
the stability of the slope, and optimized the geogrid rein-
forcement scheme [6, 7]. Yang et al. discussed the mechanical
mechanism of plant roots for soil consolidation and compared
the stability of grass, shrub, arbor, and composite vegetation
reinforcement under the slope. +ey noted that composite
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vegetation had significantly higher reinforcement effect than
single vegetation [8]. Waldron et al. conducted a shear test on
reinforced soil and noted that reinforced soil mainly exerted the
reinforcement effect by improving the original cohesion of the
soil [9–11]. Su et al. conducted a pull test of the root system of
the arbor. +e influence of the root diameter on the anchorage
of arbor roots was quantitatively analyzed [12]. Abdi et al.
calculated the spatial distribution of plant roots in the soil; they
found that the roots of shrubs were mainly distributed 0.6m
below the slope, and the roots of trees could reach 3m in length
[13, 14]. However, these studies did not consider the influence
of geogrids and root systems on the hydraulic characteristics of
slopes.

Rainfall infiltration is an important factor that induces
slope instability [15, 16]. Based on the theory of unsaturated
seepage, Zhang et al. established a hydraulic-mechanical
coupling numerical calculation model for reinforced soil slopes
and studied the effects of rainfall infiltration on the stress,
displacement, and pore pressure of geogrid-reinforced soil
slopes [17, 18]. Zhang et al. analyzed the seepage field distri-
bution of root-fixed soil under rainfall conditions and found
that when the root system continued to absorb water, the shear
strength of unsaturated soil also increased [19, 20]. Ng et al.
studied the size and distribution of suction generated by plant
roots in soil and noted that plants could significantly increase
soil suction under both dry and rainy conditions [21]. Wang
et al. conducted a slope model test under rainfall conditions
and believed that plant roots could improve the hydraulic
properties of the soil and reduce the impact of rainfall on the
slope runoff [22–24]. Song et al. proposed a composite soil
treatment and slope protection method using the geocell
structures and the wheat straw reinforcement, which can ef-
fectively reduce soil erosion on the slope [25].

+ese studies mainly focused on the influence of a single
reinforcement mode and a single factor on the slope de-
formation and stability. +ere are few studies on slope re-
inforcement by composite vegetation with geogrids. With
the improvement of the dual requirements of economic and
ecological benefits, joint ecological slope protection tech-
nology has widely become the optimal choice for slope
treatment. However, its work performance is more com-
plicated, and there are many influencing factors. +ere is no
clear understanding of the design plan for planting shrubs
and trees on slopes reinforced by geogrids. Especially under
rainfall conditions, it is of great significance to quantify the
influence of various factors on the mechanical and hydraulic
characteristics of ecological slopes. +erefore, to popularize
this technology in engineering, it is necessary to study the
stability of composite vegetation with geogrid reinforcement
under rainfall conditions.

2. Soil Fixation Mechanism of Geogrid and
Root Systems

As common reinforcement materials, geogrid and root
systems can affect the mechanical properties of the soil and
root system as an active medium. +ey can absorb water
from different soil depths through the transpiration of plant
leaves, increase the soil suction, and change the hydraulic

characteristics of unsaturated soil. We analyzed the soil
fixation mechanism of a geogrid and a root system based on
mechanical and hydraulic soil properties as follows.

2.1. Mechanical Activation Behavior. Geogrids and root
systems have high tensile strengths. After being implanted in
the soil, roots can interact with the soil to improve its tensile
and shear strength and form a reinforced soil. +erefore, its
mechanical properties can be quantitatively analyzed by
reinforced soil theory, which mainly includes two types: the
friction reinforcement principle and quasi-cohesive force
mechanism.

+e principle of friction reinforcement is that the
reinforcing material is firmly fixed inside the soil body under
the action of soil pressure; when the relative displacement of
the soil body and reinforcing material occurs, the slip force
will be transferred to the reinforcing material. Due to the
friction between soil and tendons and the high tensile
strength of the tendons, the soil deformation can be limited,
which improves the soil stability. Section dl of the reinforced
soil is selected for analysis, as shown in Figure 1:

F � 2σnfbdl,

dT � T1 − T2,
(1)

where F is the frictional resistance, σn is the effective stress
that acts on the reinforced material, f is the friction coef-
ficient, b and dl are the width and length of the reinforced
material, and dT is the tensile force on the reinforced ma-
terial. When F> dT, the reinforced soil is in a stable state, and
vice versa for destabilization.

+e mechanism behind quasi-cohesion is to regard the
reinforced soil as a composite material. Reinforcements play
a similar role in the confining pressure, which limits the soil
deformation. Reinforced soil mainly exerts the reinforce-
ment effect by improving the original cohesion of the soil. As
shown in Figure 2, the strength envelope of reinforced soil is
parallel to that of unreinforced soil, and only the point of
intersection with the vertical axis is significantly different.
When the confining pressure σ3 is constant and the soil
reaches the ultimate equilibrium state, the maximum
principal stress σ1′ of the reinforced soil is obviously greater
than the maximum principal stress σ1 of unreinforced soil,
and the strength of the reinforced soil is substantially im-
proved. When the maximum principal force σ1′ is constant,
the minimum principal stress σ3′ of unreinforced soil can be
calculated using its strength envelope. Figure 2 shows that σ3′
is significantly larger than σ3, which indicates that the
tendons can limit the soil deformation and increase the
enclosing pressure. +e increase in confining pressure is
defined as follows:

Δσ3 � σ3′ − σ3 � 2Δc · tan 45° −
φ
2

 , (2)

Δσ3 � σ1′ − σ1( tan2 45° −
φ
2

 

� Δσ1 · tan2 45° −
φ
2

 .

(3)
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From formulas (2) and (3), we obtain

Δc �
1
2
Δσ1 · tan 45° −

φ
2

 , (4)

where Δc is the quasi-cohesive force, φ is the friction angle in
the soil body, and Δσ1 is the maximum principal stress
difference.

2.2. Hydraulic Performance. Unlike other reinforced mate-
rials, the root system, as a type of active reinforcement, can
play the mechanical role of reinforcement and anchoring,
absorb water from different soil depths through the tran-
spiration of plant leaves, reduce the pore water pressure of
the soil, improve soil suction, and change the permeability
characteristics of unsaturated soil. +erefore, the influence
of the root system on soil hydraulic characteristics can be
quantitatively analyzed using the unsaturated permeability
theory, which is mainly reflected in two aspects.

On one hand, based on unsaturated theory, a shear
strength formula consideringmatrix suction is established [26]:

τ � c + σ − μa( tan φ + μa − μw( tan (tan φ)
θ − θr

θs − θr

 ,

(5)

where τ, σ, c, and φ are the shear stress, principal stress,
cohesion, and internal friction angle of the soil in sequence,
respectively, μa − μw is the matrix suction, μa is the pore-air
pressure, μw is the pore water pressure, θ is the volumetric
water content, θs is the saturated water content, and θr is the
residual water content. +is formula shows that plant roots

can increase soil suction, reduce the pore water pressure, and
consequently increase the shear strength of the soil.

On the other hand, the relationship between suction and
permeability coefficient of unsaturated soil can be described
as follows:

K(s) � Ks
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where Ks is the saturated permeability coefficient,
s � μa − μw, b� ln (106), y is the dummy variable of the
suction integral, and θ′ is the derivative of θ. From this
formula, the soil suction is negatively related to the per-
meability coefficient. +e change curve of various soil
permeability coefficients with suction in Figure 3 shows
that the permeability coefficient of soil decreases with
increasing suction. +erefore, the ecological slope can
increase the soil suction and reduce the permeability co-
efficient under the action of root suction. During rainfall, it
can reduce the infiltration of rainwater and reduce the risk
of soil erosion.

After the above analysis, as reinforced materials, the
geogrid and root system play the role of reinforced anchors
in terms of their mechanical properties, and the principle of
soil fixation is identical. In actual engineering practices, due
to the diversity of the plant root distribution, the root system
can be intertwined with the grid through the grid gap to
form a joint entity, which can limit the relative displacement
of the geogrid and soil and prevent the root system from
being pulled out to improve the shear strength of the soil.
Simultaneously, the suction effect of the root system can

T1 T2

σn

σn

dl

Figure 1: Principle of friction reinforcement.
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Figure 2: Diagram of the strength analysis of reinforced soil.
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improve the hydraulic properties of the soil, increase the
shear strength of the soil, reduce the infiltration coefficient,
and reduce the harm of rainwater to the soil. In summary,
the ecological slope protection method of composite vege-
tation with geogrids can fully utilize the reinforcing and
anchoring effects of root systems and geogrids, effectively
reduce the risk of soil erosion, and provide a theoretical basis
for promotion.

3. Numerical Simulation of Combined
Ecological Slope Protection

3.1. Engineering Background. +e 10th section of the
Guizhou Yushi Expressway starts from Majiao, Tianxing
Township, Cengong County and ends at the Yangtang River,
Tianxing Township, Cengong County, with a total length of
8.155 km. +ere are many deep excavation and high filling
subgrades along the entire line of the tender section, with
3.47 million square meters of excavation and 3.06 million
square meters of filling and rainfall conditions throughout
the year. +erefore, the main technical difficulties in the
construction process are abundant rainfall, difficulties as-
sociated with soil and water conservation, and more high-
side and larger slopes. In addition, an urgent blockade of this
project is how to adapt to local conditions in the context of
green transportation, ensure the safety, stability, and green
premise of the integration, optimize various protection
methods, and achieve maximum economic and ecological
benefits.

3.2. Establishment of the Numerical Model and Validation.
MIDAS/GTS provides a slope stability analysis under var-
ious working conditions, which is widely used in slope
stability calculations, and the calculation accuracy has been
verified. +erefore, the finite element software Midas-GTS is
used to simulate the joint ecological slope protection. A
section of the slope of the Yushi Expressway in Guizhou was
selected for analysis, which has a slope fill height of 6m and a
slope of 45°. To achieve maximum economic and ecological
benefits, ecological protection of the composite vegetation
with geogrids is performed on the slopes. +e composite
vegetation consists of a combination of shrubs and trees.
Shrub roots are mainly distributed within 0.6m below the
slope surface. To facilitate the simulation, the arbor root

system is simplified. +e main roots of the arbor are ver-
tically distributed with a length of 3m and a diameter of
0.1m. +e lateral roots are distributed symmetrically about
the main root, parallel to the slope, with a length of 0.6m, a
diameter of 0.02m, and a horizontal planting interval of 2m.
+e geogrid is 6m long. +e layout spacing is 0.6m. To
reduce the influence of the size effect, the grid of the slope
model is extended and converted according to the research
of Zheng et al. on the calculation accuracy of numerical
simulation [27]. +e specific slope form and model di-
mensions are shown in Figure 4.

Due to the well-developed root system of shrubs with
diverse and dense distribution patterns, they can interlock
with the soil and form a joint mass. +erefore, the soil in the
shrub reinforcement area is simulated in the form of a root
soil complex. +e Mohr–Coulomb model is used for plain
soil and reinforced soil. Both geogrid and arbor root system
were simulated using a separated elastic model. A normal
constraint was applied around the model with a fixed
constraint at the bottom and a rainfall boundary with an
intensity of 5mm/h at the top for 24 h, which was recorded
every 6 h. +e initial water level was 4.5m. According to the
engineering geological survey report and corresponding
references, the mechanical parameters and hydraulic char-
acteristic parameters of plain soil and reinforced soil are
provided. Among them, the mechanical parameters of both
geogrid and arboreal root system were obtained from indoor
tensile tests, which are shown in Tables 1 and 2.

To verify the accuracy of the built numerical model,
further research was performed on the joint ecological slope.
+e strength reduction method and stress limit equilibrium
method are used to calculate the stability of the original
slope. +e safety factor of the slope obtained by the strength
reductionmethod is 1.890, which is closer to the safety factor
of 1.906 calculated by the stress limit equilibrium method.
+us, the numerical model can be used for the stability
calculation of combined ecological slope protection.

3.3. ResultAnalysis. Figure 5 shows the displacement field of
the original slope and ecological slope under the combined
reinforcement after 24 h of rainfall. As seen from the figure,
the slope displacement field considerably changes under
combined ecological protection. First, in terms of dis-
placement values, the maximum displacements of the
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Figure 3: Diagram of the change in soil permeability coefficient with suction.

4 Advances in Civil Engineering



original slope and ecological slope are 186.5mm and
33.4mm, respectively, i.e., the slope displacement is reduced
by 82%. Second, the maximum displacement of the original
slope is located at the foot of the slope, the stress is relatively
concentrated, and the slope exhibits an overall slippage
effect. Meanwhile, the sensitive area of the maximum dis-
placement of the ecological slope has changed and is located
in the middle and upper parts of the slope.+e reason is that,
under the action of rainfall, the weight of the soil sharply
rises; the soil at the foot of the slope is most severely eroded
by rainwater, and the original slope has an integral sliding
from top to bottom. However, under the combined action of
the geogrid and root system of the ecological slope, the
displacement at the toe of the slope is fully restricted. Si-
multaneously, the suction effect of the root system reduces
the pore water pressure at the foot of the slope and improves
the shear strength of the soil at the foot of the slope.
However, the effective stress on the tendons in the middle
and upper parts of the slope is relatively small, the tendon
reinforcement effect is limited, and the connection force
between shrub reinforcement area and plain soil is insuf-
ficient, which can easily produce relative slip and cause
shallow damage to the slope.

According to research on the mechanism of root soil
fixation, considering the influence of the root system on the
hydraulic characteristics of the slope, the unsaturated
strength reduction method is used to calculate the slope
stability under different reinforcement modes. As shown in
Figure 6, under natural working conditions, the shrub re-
inforcement has limited effect on the slope, but the tree and
geogrid reinforcement has an obvious effect. Compared with
the original slope, the slope safety factor increases by 6% and
9%, respectively. In the combined form, the ecological

protection method of composite vegetation with the geogrid
has the highest safety factor, which is represented by an
increase of 12% relative to the reinforcement effect of a single
vegetation with geogrid. Under rainfall conditions, as
rainfall continued, the effect of the shrub reinforcement
considerably improved, and the slope safety factor increased
by 6% after 24 h of rainfall. Although the shrub reinforce-
ment has limited contribution to the slope stability, it can
effectively reduce the hazard of rainfall on the slope. Among
them, the ecological protection method of composite veg-
etation with a geogrid still obtains the highest safety factor,
which is 35% higher than that of the original slope.

Regardless of whether rainfall occurs, composite vege-
tation with the geogrid reinforcement mode has the best
performance. Under the anchoring action of the geogrid and
arbor root system, the reinforced soil in the shrub rein-
forcement area can be connected with the stabilizing layer,
which improves the stability of the shallow soil. Simulta-
neously, the root system passes through the grid gap and
interweaves with the grid to form a united entity. +is unity
effectively plays the role of geogrid, root reinforcement, and
anchor, limits slope deformation, and changes the sensitive
area of maximum ecological slope displacement. It can
improve the stability of the slope under natural working
conditions and greatly reduce the hazard of rainfall to the
slope.

4. Optimization of the Combined Ecological
Slope Protection

At present, most studies on the effect of ecological slope
reinforcement are single-factor analyzes, while the ecological
protection method of composite vegetation with geogrids

2.5 H

H

Geogrid

2 H

Arbor taproot

1.5H

Shrub reinforcement area
Arbor lateral root

Figure 4: Slope model.

Table 1: Mechanical parameters of the materials.

Material Volumetric weight r (kN/m3) Cohesion c (kPa) Friction angle φ (°) Elastic modulus E (MPa) Poisson’s ratio μ
Plain soil 18 10.3 22.85 4 0.3
Shrub reinforced soil 18 24.6 28.39 4.8 0.3
Arbor lateral roots 12.85 — — 500 0.3
Geogrid — — — 1500 0.23

Table 2: Hydraulic characteristic parameters of the soil.

Material Fitting parameter a (kPa−1) Fitting parameter n θr (m3/m3) θs (m3/m3) ks (10−6m/s)
Plain soil 0.114 1.806 0.017 0.45 3.29
Shrub reinforced soil 0.176 1.798 0.018 0.456 3.18
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has multiple factors and multiple levels, which affect one
another.+erefore, compared with the single-factor analysis,
the orthogonal model test can quantitatively calculate the
degree of influence of each factor on the stability of eco-
logical slopes under different working conditions. +is
process can also obtain the optimal combination form to
guide the application of joint ecological slope protection
technology in practical engineering.

4.1. Establishment of the Orthogonal Model. Based on the
existing research, taking the shrub reinforcement depth,
arbor anchoring depth, arbor distribution form, and geogrid
spacing as influencing factors, we designed an orthogonal
model test with 4 factors and 3 levels, as shown in Table 3.
+e distribution forms of trees include uniform (a), upper
dense and lower sparse (b), and upper sparse and lower
dense (c) distributions. Specific planting methods are shown
in Figure 7.

4.2. Orthogonal Test Results. Nine combinations of 4 factors
and 3 levels under different working conditions were nu-
merically calculated, and the results are shown in Table 4.
+e calculation results are analyzed in the range in Table 5. A
larger extreme difference indicates that this factor has a
greater influence on the slope stability, which can be used to
obtain the degree of influence of different factors on the
ecological slope stability under different working conditions
and derive the optimal combination form, which is reported
in Table 5.

Under natural working conditions, trees have the largest
extreme difference in anchorage depth, and shrubs have the
smallest extreme difference in reinforcement depth.
+erefore, the degree of influence of each factor on the
stability of ecological slopes is as follows: depth of anchorage
of trees> spacing of geogrid> form of distribution of
trees> depth of reinforcement of shrubs. Meanwhile, it can
be seen from Figure 8(a), the slope safety coefficient first
increases and subsequently decreases with increasing

(a) (b)

Figure 5: Displacement field of the original slope and ecological slope after 24 h of rainfall. (a) Original slope. (b) Ecological slope protection
by composite vegetation with geogrid reinforcement.
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Figure 6: Slope stability under various protection methods.
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reinforcement depths; the slope safety increases with in-
creasing arbor anchorage depths; the slope safety first in-
creases and then stabilizes with the decrease of the geogrid
spacing. +e size of the slope safety coefficient under dif-
ferent forms of arbor distribution follows the following
order: upper sparse and lower dense> uniform dis-
tribution> upper dense and lower sparse. +e above result
shows that the stability of shallow slopes can be improved
with increasing reinforcement depth. However, when the
influence depth of reinforced soil is too large, the inter-
mediate connection force is insufficient, which increases the
risk of sliding along shallow slopes and induces shallow slope
instability. Increasing the anchoring depth and reducing the
spacing of the geogrid can improve the reinforced anchoring
effect of the reinforced material. However, when the spacing
of the grids is reduced, the reinforcement effect will not
improve. Considering the economic benefits of the project,
the spacing of grating should be 0.6m. In addition, the
sensitive area of the slope safety factor is at the foot of the
slope, and the arbor adopts the upper sparse and lower dense
distribution, which can effectively play the role of anchoring.
In summary, under natural working conditions, the optimal
combination form is as follows: the reinforcement depth is
0.4m, the anchorage depth is 3m, the arbor is sparse on the
top and dense at the bottom, and the grid spacing is 0.6m.

Under rainfall conditions, the degree of influence of each
factor on the stability of ecological slopes is as follows: depth
of anchorage of trees> depth of reinforcement of
shrubs> spacing of geogrid> form of distribution of trees.
+e extreme difference in shrub reinforcement depth was
greatly enhanced. +us, the effect of shrub reinforcement on
the hydraulic properties of the slope was considerably
greater than its mechanical properties. Under joint eco-
logical protection, shrub reinforcement can effectively re-
duce the hazard of rainfall on the slope stability and improve
the hydraulic characteristics of the slope. It can be seen from
Figure 8(b) that slope safety factor, shrub reinforcement
depth, arbor anchorage depth, and geogrid spacing are
linearly related, which obviously differs from the trend of
natural working conditions. A greater depth of shrub re-
inforcement corresponds to a greater degree of improve-
ment in the hydraulic properties of the slope and better
protection against rainfall hazards. In other words, when
planting shrubs in rainfall areas, vegetation with more de-
veloped root systems should be used. Simultaneously,
rainfall increases the tendency of relative displacement
between the soil and the grid. +is reinforcement effect can
be effectively improved by reducing the grid spacing, so the
grid spacing should be 0.4m. Under different arbor distri-
bution forms, the slope safety factor follows the following
order: upper sparse and lower dense> upper dense and

lower sparse> evenly distributed. +e optimal reinforce-
ment effect can be obtained with the upper sparse and lower
dense planting method. +e root system in the lower part
more easily passes through the plastic zone of the slope and
gives full play to the anchoring effect of the root system.
However, under the action of rainfall, the displacement-
sensitive area of the ecological slope is changed, and the
maximum displacement is located in the middle and upper
parts of the slope. +erefore, unlike the natural working
condition, the planting method of upper density and lower
sparsity can improve the connection force between the
shallow soil and the stable layer in the middle and upper
parts of the slope, prevents shallow damage to the slope, and
is better than the uniform distribution. In summary, under
rainfall conditions, the optimal combination form is as
follows: reinforcement depth of 0.6m, anchorage depth of
3m, sparse arbor at the top, dense arbor at the bottom, and
grid spacing of 0.4m.

+e above analysis shows that, under natural and rainfall
conditions, the degree of influence of various factors on the
stability of ecological slopes is very different, and the ob-
tained optimal combination form is also different.+erefore,
for the combination forms of ecological slopes in different
regions, the corresponding optimal combination forms
should be formulated according to the local hydrogeological
conditions.

4.3. Practical Engineering Application. We applied the op-
timal combination form obtained from the orthogonal
model test to the corresponding actual project to verify the
superiority of the combination.

According to research on the reinforcement mode of
composite vegetation with geogrids, the combined ecological
protection method can be applied to the side slope project of
the Yushi Expressway in Guizhou. +erefore, a geogrid was
laid on the filling section of a subgrade side slope, and a
vegetation composite consisting of shrubs and trees was
planted on the slope. +e grid spacing was 0.4m, and trees
were planted with sparse tops and dense bottoms. Figure 9
shows a site picture of ecological protection in the bid
section. By monitoring the finished slope project, we found
that, in the early stage of planting, the reinforcement of the
geogrid improved the slope stability. As the vegetation
growth period progressed, the root system passed through
the mesh of the geogrid. +e vegetation and geogrid were
interweaved and jointly reinforced and anchored. Hence, the
reinforcement of composite vegetation and ecological
benefits considerably improved. Under rainfall conditions,
shrubs could effectively weaken splash erosion and reduce
the scouring of slopes by rainwater. No obvious soil erosion

Table 3: Orthogonal design level of optimized parameters (unit: m).

Level
Optimization parameters

Shrub reinforcement depth Arbor anchoring depth Arbor distribution form Geogrid spacing
1 0.2 1 a 0.4
2 0.4 2 b 0.6
3 0.6 3 c 0.8
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Figure 7: Schematic diagram of the tree planting pattern (unit: m).

Table 4: Orthogonal test results of the slope safety factor.

Combining forms
Optimization parameters Safety factor of slope

Shrub reinforcement depth Arbor anchoring depth Arbor distribution form Geogrid
spacing Rainfall 0 h Rainfall 24 h

1 0.2 1 a 0.4 2.075 1.522
2 0.2 2 b 0.6 2.094 1.529
3 0.2 3 c 0.8 2.100 1.563
4 0.4 1 b 0.8 2.063 1.538
5 0.4 2 c 0.4 2.101 1.556
6 0.4 3 a 0.6 2.109 1.581
7 0.6 1 c 0.6 2.078 1.563
8 0.6 2 a 0.8 2.088 1.566
9 0.6 3 b 0.4 2.105 1.613

Table 5: Range analysis of the slope safety factor.

Rainfall duration (h) Average water Shrub reinforcement depth Arbor anchoring depth Arbor distribution form Geogrid spacing

0

K1 2.090 2.072 2.091 2.094
K2 2.091 2.094 2.087 2.094
K3 2.090 2.105 2.093 2.084

Range 0.001 0.033 0.006 0.010

24

K1 1.538 1.541 1.556 1.564
K2 1.558 1.550 1.560 1.558
K3 1.581 1.586 1.561 1.556

Range 0.043 0.045 0.005 0.008
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Figure 8: Curves of slope safety factor varying with the average level of various factors under different working conditions. (a) Rainfall 0 h.
(b) Rainfall 24 h.
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occurred, and the local ecological environment was quickly
restored, which achieved good reinforcement and demon-
strates the ecological benefits of the project.

5. Conclusions

For the ecological slope protection technology of composite
vegetation with a geogrid, theoretical analysis, numerical
simulation, optimization design, and practical application
were performed. +e mechanical and hydraulic character-
istics of the combined ecological slope were comprehen-
sively evaluated. +e impacts of the shrub shallow root
reinforcement, arbor deep root anchoring, and combined
geogrid reinforcement on the stability of the slope were
quantified. +e design of the combined ecological slope was
optimized. All of this work will contribute to the design and
application of ecological slope engineering. +e study in-
dicates that

(1) Based on the reinforced soil theory and unsaturated
seepage theory, we demonstrated the feasibility of
using composite vegetation of shrubs and trees to
reinforce the slope with a geogrid.

(2) +e ecological protection method of composite
vegetation with geogrids is obviously better than the
single reinforcement method. +e maximum dis-
placement of the ecological slope under rainfall
conditions decreased by 82% compared to the
original slope, and the overall stability increased by
35%.

(3) +e shrub reinforcement has a much greater effect
on the hydraulic characteristics of the slope than its
mechanical characteristics. +e anchoring depth of
the arbor root system plays a key role in ensuring
slope stability.+e encryption of geogrid spacing can
reduce the hazard of rainfall to the slope. According
to the degree of influence of various factors on the
stability of ecological slopes, the optimal combina-
tion form under different working conditions is
obtained. +e optimal combination form is applied
to the actual project, and good reinforcement and
ecological benefits have been achieved.

(4) Due to the diversity of root distribution morphology,
this study simplified the arbor root system, which
can only reflect the spatial relationship between the
root system and the geogrid. +erefore, future re-
search will examine how to more truly reflect the
actual effect of the joint reinforcement of the root
system and grid.
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)e welding deformation and cracking of hydraulic support have always been an important issue that impacts product quality and
performance in the industry. In order to quantify the deformation of the welding seam of the reverse four-bar linkage hydraulic
support under loading conditions, a real-time weld monitoring system based on sensitive fiber Bragg grating sensors is designed.
)e strength test and the cycle life test of the top coal caving reverse four-link support with four typical eccentric loads were
conducted, respectively. )e strength test results prove that the fiber Bragg grating sensor is accurate enough to measure welding
deformation of hydraulic support; the measurement resolution reaches 0.1 μm. )e eccentric load experiment produces the
reverse four-bar torsion, especially when the top beam is at a low position; the maximum deformation of the weld is 100 μm. In the
cycle test, a phenomenon has been captured, i.e., the welds present a baseline shift along with the cyclic load and even jump. It
indicates that the hydraulic support changes from one stable state to another stable state. )is work not only provides a feasible
solution for welding deformation monitoring but also provides a possibility for the whole life cycle monitoring of
hydraulic supports.

1. Introduction

According to the latest World Energy Data Statistics Report
for 2019 provided by the British company BP, the total
annual global power generation in 2019 was 27004.7 TWh.
Among the fossil energy used for power generation in the
world, coal supports 30% of the total global power gener-
ation, which is still an important part of the world’s energy.
At present, the underground coal mines are mainly mined in
the form of comprehensive mechanized coal mining, using
highly automated “three fully mechanized mining ma-
chines,” namely, shearer, scraper conveyors, and hydraulic
supports [1]. )e hydraulic support plays a vital role in
supporting the roof of the coal mining face and protecting
the equipment and workers of the coal mining face [2].

)e top coal transition support is one of the most im-
portant support equipment for comprehensive mechanized
top coal mining. Its performance and quality directly de-
termine the output and efficiency of the fully mechanized
caving face [3]. )e mechanical characteristics of the reverse
four-bar linkage mechanism of the transition support are
better than those of the positive four-bar linkage transition
support, and it is more suitable for top coal mining. However,
most of the top coal mining is faced with unfavourable sit-
uations such as large thickness drop and complex geological
conditions, making it difficult for traditional simulation to
obtain force characteristics close to the actual application.
According to the actual application of the reverse four-bar
linkage structure of the top coal caving transition support
underground, the weld seam of the four-bar linkage structure
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often deforms or even cracks, which poses a serious threat to
underground safety production.

)e requirements for hydraulic support consist of ra-
tional structure, sufficient support resistance force, stable
and shock resistance, the sustainability of highly efficient
coal discharge, and high coal recovery [4, 5]. Zhao et al.
analysed the structural characteristics of hydraulic supports
with box-type structures based on simulation, whose results
show structural stress concentration is the main factor
leading to the fatigue damage of hydraulic supports [6]. Liu
and Junqing Liu analyse structured statics and transient
dynamics of the hydraulic support strength test under base
torsion by ANSYS software [7]. Fu Fang et al. compared
using automatic TANDEM twin-wire welding and twin-wire
gas metal welding (GMAW) to weld Q690 steel, and pointed
that TANDEM twin-wire welding is very suitable in the
welding of Q690 used in the hydraulic support [8].

Welding deformation and cracking of hydraulic support
structural parts have always been an important issue that
impacts product quality and performance in the industry.
)e shutdown of the working face caused by structural
cracking is an important reason for users’ dissatisfaction
with product performance [9]. )e hydraulic support
structure belongs to a multichamber box girder structure
composed of plates and profiles. )e number of welds is
densely arranged; the size of the welds is large; the structural
stress concentration is serious, and the residual stress dis-
tribution is complex, which lead to hydraulic support
working in an unstable state [9, 10], especially for the top
coal caving transition hydraulic support with reverse four-
link structure. In the actual work of the reverse four-link
structure, the welding seam stretching and even cracking
caused by the unbalanced top and floor pressure cannot be
calculated by simulation. Due to the complicated wiring,
traditional resistive strain sensors are not suitable for long-
term monitoring underground, especially in humid
environments.

With the development of sensing technology, re-
searchers begin to use modern sensing technology to
measure the pressure, stress distribution, posture, and de-
formation of hydraulic supports in actual work [11–13]. For
instance, the displacement sensor and pressure sensor are
equipped with modern hydraulic support to quantify the
working resistance [14]; a fiber Bragg grating (FBG) tilt
sensor based on double equal strength beams is designed and
used to monitor the posture of hydraulic supports [15]; Zhen
and Ma et al. reported optical FBG sensors for aircraft wing
shape measurement [16]. Optical fiber sensing technology is
a sensing technology that uses light propagation path as a
medium to sense external strain [17], magnetic field [18],
temperature [19], vibration [20], and other information.
Because of its passive, anti-interference, anticorrosion, and
small size, it has been widely used in important fields such as
petrochemical [21], aerospace [22], biomedicine [23], na-
tional defense and military [24], and environmental mon-
itoring [25].

To reveal the deformation of the welding seam of the
reverse four-bar linkage hydraulic support under loading
conditions, in this paper, we adopted an FBG sensor to

measure the deformation of the weld of the reverse four-bar
linkage. Furthermore, we designed a real-time weld moni-
toring system, based on a fiber optic demodulator with
sensitive FBG sensors and a NI DAQ-6002 board, which is
used to sample the pressure of hydraulic support. )ey were
synchronized by the inner timer of the host computer.

To quantify the relationship between the welding de-
formation and the pressure of the load under different
working conditions, the strength test and the cycle life test of
the top coal caving reverse four-link support with four
typical eccentric load were conducted, respectively. )e
results of strength test show that the eccentric load exper-
iment produces the reverse four-bar torsion; the maximum
deformation of the weld reaches 100 μm. In the cycle test, we
found that the welding deformation presents a baseline shift
along with the cyclic load, and even jumps.

2. Materials and Methods

2.1. Fiber Bragg Grating Sensor. In 1978, Canadian physicist
Ken Hill demonstrated the grating effect for the first time
[26]. )e principle of fiber grating is shown in Figure 1. An
intense ultraviolet laser is used in “writing” systematic
variation of refractive index into the core of the special
optical fiber. )e Bragg gratings can be realized using
microfabrication methods which can create refractive index
modulation along the beam propagation direction. Besides
the FBGs based on refractive index modulation, they can be
also realized using heterocore fiber structures, taper struc-
tures, cladding removal, microbending structure, and
macrobending structure [27]. )en, a broadband laser light
source is used to transmit a broadband spectrum along a
section of the fiber. Λa is the constant nominal period of
refractive index modulation; after the light passes through
the FBG, a certain bandwidth λa corresponding to Λa is
reflected. )e rest of the light continues propagating for-
ward, the reflected light is separated from the incident light
by the optical coupler, and then the light sensor is used to
monitor the reflected light. When the FBG is squeezed or
stretched by stress or temperature, the frequency of the
reflected light will shift left to be λb or shift right to be λc.
)us, FBG can be used as a sensor to sense temperature and
strain.

2.2. Deformation Sensor with FBG. In our measurement, a
sensitive sensor, Osc3110, made by Macron Optics company
is adopted. )e Osc3110 Strain Gage is shown in Figure 2,
which is a spot-welded steel using a capacitive-discharge
spot welder. )e length of the optical strain gate is 2.38 cm
and the spot weldable areas are arranged at both ends of the
gate. Osc3110 is connected with a fiber demodulator by the
optical fiber. Although osc3110 is a strain sensor, its
structure is suitable for measuring the deformation. Due to
the uniformly forced among the optical strain gate, it is
reasonable to quantify the deformation of the welds on the
hydraulic support.

Specifically, we utilize the parameters of the sensors to
explain how we quantify the welding deformation by
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Osc3110. According to the sensors’ datasheets, we obtain the
parameters of the five sensors shown in Table 1, where FG is
gate factor, λ0 is the nominal wavelength, C1 is gate constant
1, and C2 is gate constant 2.

Equation (1) introduces the relationship between the
strain ε and wavelength shift Δλ; here εTO indicates ther-
mally induced apparent strain. )e FBGs, which are based
on the strain gages, respond to both strain and temperature.
)us, εTO, shown in equation (2), is used to express how the
temperature affects the strain measurement, where ΔT is the
temperature change and CTES is 13.3 ppm/°C.

ε �
Δλ/λ0(  × 106

FG − εTO
, (1)

εTO � ΔT
C1

FG

+ CTES − C2 . (2)

)e temperature of the laboratory remains 12°C, leading
to ΔT as 10°C. Substituting the values of Table 1 into
equation (2), we get εTO as 62.17 μm. Although εTO

represents a large number, the temperature of the laboratory
can be viewed as constant; then εTO is subtracted as a zero
bias.

To measure the deformation of the weld, we need to
transform strain into deformation. Here, the length of the
optical strain gate L is 2.38 cm with a reasonable approxi-
mation that the optical strain gate is uniformly stressed; then
we can get the expression of deformation d as follows:

d � ε × L. (3)

So far, we have elaborated on the principle of measuring
weld seams with FBG sensors.

2.3. Setup. In our experiments, we use a reverse four-bar
transition support ZFG10000/23/38 for top coal caving as
the research object. We chose several welds that often
cracked when the reverse four-bar linkage is used in un-
derground applications. In order to clearly show the sensor
installation location, a 3D model of the support and the
layout of measuring points are shown in Figure 3. To study
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the deformation of the key welds of the reverse four-bar
linkage under eccentric load experimental conditions, 5 FBG
sensors are spot-welded cross the welds and their initial
wavelengths are shown in the upper left corner of Figure 3.

To reveal how the deformation of the weld on the four-
bar linkage changes with the loading pressure in the ec-
centric load experiment, a synchronized measurement
system for hydraulic pressure and welding seam (Figure 4)
was designed.)e measurement system contains a hydraulic
pressure measurement unit and an optical fiber data ac-
quisition unit, and they are synchronized by the timestamp
of the host computer. In the hydraulic pressure measure-
ment unit, a pressure sensor with the precision of 0.5% F.S
and the range of 0–60MPa is adopted; then NI DAQ-USB-
6002 is programmed to capture the hydraulic pressure data
with sample rate 1 kHz. In the optical fiber data acquisition
unit, we use optical strain gate Osc3120 series as our sensors
as well as an optical spectrum analyser, operated by the
MOI-ENLIGHT software on the host computer, to capture
optical fiber signal. )e optical spectrum analyser is an
SM125-500 FBG static demodulator (produced by Micron

Optics, Inc., USA). Its main technical parameters are as
follows: the wavelength scanning ranges from 1510 nm to
1590 nm, scanning frequency is 2Hz, the wavelength res-
olution is 1 pm, and the sample rate is 1 kHz.

In the series of loading tests on the main structural parts
of the hydraulic support, the high and low top beam ec-
centric loading test has the most severe test on the reverse
four-bar weld. Here, we conduct four sets of trials: (1) left
side eccentric loading of the top beam at the low position; (2)
right side eccentric loading of the top beam at the low
position; (3) left side eccentric loading of the top beam at the
high position; (4) right side eccentric loading of the top beam
at the high position. )e loading diagram and block location
are shown in Figure 5.

3. Results

3.1. Hydraulic Pressure Measurement. )e measurements in
our research are performed in the test bench of Safety Access
Analysis and Verification Laboratory for Mine Support
Equipment. )e test bench applies pressure to the hydraulic

Table 1: Parameters of Osc3110.

Sensors FG λ0 C1 C2

FBG1 0.89 at 22°C 1550.83 nm at 22°C 6.156 μm/m at 22°C 0.7 μm/m
FBG2 0.89 at 22°C 1552.58 nm at 22°C 6.156 μm/m at 22°C 0.7 μm/m
FBG3 0.89 at 22°C 1549.75 nm at 22°C 6.156 μm/m at 22°C 0.7 μm/m
FBG4 0.89 at 22°C 1558.70 nm at 22°C 6.156 μm/m at 22°C 0.7 μm/m
FBG5 0.89 at 22°C 1556.80 nm at 25°C 6.156 μm/m at 22°C 0.7 μm/m

①

②

③

④
⑤

①FBG1/1550.83 
nm
②FBG2/1552.58 
nm
③FBG3/1549.75 
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④FBG4/1558.7 nm
⑤FBG5/1556.8 nm
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③

②
④

⑤

Figure 3: )e layout of measuring points and 3D model of ZFG10000/23/38.
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support and the pressure sensor is connected to the hy-
draulic support through a three-way valve. Two top beam
eccentric loading experiments, i.e., top beam at the high
position and low position, are performed, respectively. And
the hydraulic pressure is recorded (shown in Figure 6) by the
synchronized measurement system which is introduced in
Figure 4. )e hydraulic pressure waveform in Figure 6(a) is
used for the cycle life test of hydraulic support when its top
beam is at a high position. From Figure 6(a), we can tell that
the period of the waveform is 10 s, and the hydraulic
pressure starts approximately at 31MPa and then increases
to 43.7MPa and keeps at 2 s, dropping to 31Mpa eventually.
Besides, in Figure 6(b), the hydraulic pressure varies from

23MPa to 34MPa, which is used for the cycle life test of the
top beam at a low position.

3.2. Welding Deformation of Eccentric Loading with the Top
Beam at a High Position. We have already detailed the
measuring principle of weld deformation above. To study the
deformation of the five welds with pressure loading, we trace
the whole process of pressure loading; i.e., (1) hydraulic
pressure stays zero; (2) hydraulic pressure increases slowly to
31MPa; (3) hydraulic pressure varies periodically between
31MPa and 43.7MPa as shown in Figure 6(a). From Fig-
ure 7, we can tell that the five deformations of weld start
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Figure 4: )e synchronized measurement system for hydraulic pressure and welding seam.
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Figure 5: Loading diagram and block position. (a) Top beam at the low position. (b) Top beam at the high position. (c) )e block at the left
side of the top beam. (d) )e block at the right side of the top beam.
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from different values, which is caused by the stress change
during the hydraulic support being transported to the test
bench; here, zero shift caused by temperature has been
erased. Figure 7(a) illustrates five weld deformations of
eccentric loading of the top beam at a high position when the
block sets on the left side; it can be seen that FBG 3 and 5
increase at the positive phase; on the contrary, FBG 1, 2, and
4 decrease at the negative phase, which means welds 3 and 5
are stretched and welds 1, 2, and 4 are squeezed when the test
bench provided hydraulic pressure. However, the condition
is different in Figure 7(b); even though the initial welding
deformation values of the five FBGs are the same as the ones
shown in Figure 7(a), when the block sets on the right side,
weld 1 is stretched, welds 1, 2, and 4 are all squeezed, and
weld 5 approximately remains stable.

According to these two sets of experimental data, the
force of the reverse four-bar linkage is even and symmetrical
when the top beam is at a high position, and the stretch and
squeeze amount of the weld is within 20 μm. )erefore, the
fiber grating sensor is effective for measuring the change of
the reverse four-bar weld; furthermore, it can be used to
evaluate the pros and cons of the reverse four-bar linkage
structure design.

3.3. Welding Deformation of Eccentric Loading with the Top
Beam at a Low Position. We repeat the same measurements
after the top beam was dropped to a low position. )e
hydraulic pressure increases slowly to 23MPa and then
varies periodically between 23MPa and 34MPa as shown in
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Figure 6: Hydraulic pressure waveform. (a) Top beam at the high position. (b) Top beam at the low position.
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Figure 6(b). In Figure 8, the initial values of the five welding
deformations are different from those in Figure 6, especially
for FBG 4 and 5, whose welding deformations are stretched
to 120 μm and 110 μm, respectively. Compared with the weld
change caused by the loading experiment, the one caused by
the position of the top beam produces a greater weld
deformation.

Figure 8(a) shows five welding deformations of eccentric
loading of the top beam at a low position when the block sets
on the left side. FBG 3 and 5 increase at the positive phase; on
the contrary, FBG 1, 2, and 4 decrease at the negative phase,
obeying the same principle revealed in Figure 7(a). However,
in Figure 8(b), when the block sets on the right side, welds 1
and 4 are stretched and welds 2, 3, and 5 are all squeezed,
which is different from that in Figure 7(b).

From the results, we can tell that, in the high and low
loading test of the reverse four-bar linkage, the force law is not
the same, especially when the block sets on the right side. We
can also see some signs in the initial state of the low-position
loading test that the weld deformation of FBG 4 and 5 is much
larger than others, which means the hydraulic support is not
in a stable state and could not be found by workers as usual.
)us, we can tell that FBG sensors can identify whether the
hydraulic support is stable or not.

3.4. Cycle Loading Test with the Top Beam at a Low Position.
To view the welding deformation under cycle loading test with
the top beam at a low position, we erased the initials of the five
welding deformations. As the hydraulic pressure is a wave-
form with a period of 10 s, the weld deformations present the
same characteristics, especially for FBG 1, 2, and 3 shown in
Figure 9. In Figure 9(a), when the bock sets on the left side, the
maximumdeformation of welds 1, 2, and 3 can reach 0.35 μm,
while the deformations of welds 4 and 5 are only 0.1 μm. In
Figure 9(b), when the block sets at the right side, the max-
imum deformation of welds 1, 2, and 3 can reach 0.35 μm and
the deformation of weld 4 is 0.15 μm; however, weld 5 does

not show periodicity. From the results in Figure 9, we find that
the periodic loading pressure causes weak deformation of the
welds, especially for weld 5.

3.5. 4000 s Long Cycle Loading Test. Furthermore, to explore
the effect of long-term periodic loading on the weld, we
monitored the above four sets of experiments for up to
4000 s. )e pressure waveforms applied by the test bench are
illustrated in Figure 6. Here, we also conduct four sets of
trials: (1) right side eccentric loading of the top beam on the
high position; (2) right side eccentric loading of the top beam
on the low position; (3) left side eccentric loading of the top
beam on the high position; (4) left side eccentric loading of
the top beam on the low position.

)e comparison of (1) and (2) experimental results is
shown in Figure 10. We can tell that, in the high-position
experiment of the right eccentric load within 4000 s, there is
almost no cumulative deformation of the five welds over time.
At the same time, in the low-position experiment of the right
eccentric load, only the baseline of weld 2 has slowly shifted
over time, and the other welds have not changed significantly.

Meanwhile, the comparison of (3) and (4) experimental
results is shown in Figure 11. We can find that, in the high-
position experiment of the left eccentric load, within 4000 s,
welds 3 and 5 depict slight cumulative deformation over
time; especially the baseline of weld 5 varies from −0.1 μm to
+0.1 μm. On the other side, in the low-position experiment
of the left eccentric load, welds 1, 4, and 5 present significant
cumulative deformation; the biggest shift of the baseline
appears in weld 4, which varies from −0.1 μm to +0.3 μm.
Besides, in the dash line area, we find a jump appearing in
five welds almost simultaneously. Since the weld maintains
the original creep law after the jump, it is almost impossible
for this jump to be caused by weak cracks in the weld. Here,
we think that the reverse four-bar linkage structure has
changed to another balanced force state, a more stable state
under long-term load.
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4. Discussion

As early as 1900, Barczak pointed out that the design of
hydraulic supports should minimize stress concentration
[28]. Although electrical strain gauges have long been used
for monitoring structural changes, they sometimes lack the
durability and integrity necessary to provide accurate, ac-
tionable information over extended periods. FBG-based
optical fiber strain gauges offer a variety of advantages over
electrical strain gauges.

In the National Coal Mine Support Equipment Quality
Supervision and Inspection Center, the fiber grating sensing
technology is used to realize the online monitoring of welds
in the hydraulic support loading experiment. )e results are
reliable, proving that it is accurate enough to measure
welding deformation by FBG sensors. Although the current
hydraulic support test standards do not propose require-
ments for real-time monitoring of welds, whether the cur-
rent Chinese test standard or the European test standard
regards manual inspection of the degree of weld cracking as
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Figure 10: 4000 s cycle loading test with the block on the right side. (a) On the top position. (b) On the low position.
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an indispensable item. Our research provides a feasible
solution for real-time monitoring of hydraulic support
welds, whether in the testing phase or the practical phase.

Due to the complex structure of the hydraulic support
and the various types of welds, in the following research, the
development of weld measuring sensors suitable for various
planes and angles is an urgent problem to be solved.

In the cycle test, the welds present a baseline shift along
with the cyclic load. It indicates the hydraulic support
changes from one stable state to another stable state. )is
experimental result shows that welding seam monitoring
can provide necessary feedback information for the coop-
erative support of hydraulic supports.

5. Conclusions

In this paper, a commercial FBG sensor is adopted to
measure the welding deformations of a reverse four-bar
hydraulic support. A synchronized measurement system is
designed, which contains a hydraulic pressure measurement
unit and an optical fiber data acquisition unit.

To reveal the welding deformation of the reverse four-
bar linkage in the eccentric loading experiment, the strength
test and the cycle life test of the top coal caving reverse four-
link support with four typical eccentric load were conducted,
respectively, in the National Coal Mine Support Equipment
Quality Supervision and Inspection Center.

According to the results, we can conclude the following:

(1) FBG sensor is accurate enough to measure welding
deformation; measurement resolution reaches
0.1 μm

(2) In the high and low loading test of the reverse four-
bar linkage, the force distribution is not the same; the
welding deformation caused by the change of the top
beam position is greater than the welding defor-
mation caused by the loading test

(4) Continuous long-term loading will cause the weld to
show baseline shift or even jump to another stable
state
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/e interface program of finite element software based on surface spline interpolation is developed by using MATLAB software.
/e controllable 3D surface modeling based on CAD contour is realized. Taking a mine as an example, the method of establishing
the 3D numerical calculation model including complex stratum boundary is studied. /e influence of underground mining on
surface movement and deformation under complex stratum conditions by using the FLAC3D software further was discussed./e
research results show that the developed interface program of finite element software can well realize the numerical modeling of
complex formation and provide help for subsequent numerical simulation. /e calculated subsidence value is in good agreement
with the measured value./e values of surface tilt, surface curvature, and surface horizontal deformation are less than the relevant
regulations. /e mining method of the filling method has no obvious effect on the surface structures. /e research results can
provide reference for similar numerical simulation.

1. Introduction

With the rapid development of economy, people’s demand
for mineral products is increasing, which makes the mining
industry develop vigorously. /e surface subsidence di-
saster brings hidden danger to people’s safety [1–3]. /e
undergroundmining can cause deformation and damage to
surrounding rock mass, surface structures, railways, and
water bodies. /erefore, the surface movement and de-
formation caused by underground mining and the damage
of surface buildings have become one of the global man-
made environmental disasters and a hot issue in the mining
field [4–6].

With the continuous improvement of mining related
theory and technology, many achievements have been made
in the study of surface subsidence caused by underground
mining. At present, the prediction methods of surface
movement and deformation can be divided into three cat-
egories. /ey are the theoretical analysis method, similarity

model, and numerical simulation method. In terms of the
theoretical analysis method and the similar model method of
surface movement and deformation caused by underground
mining, Sasaoka et al. [7], Villegas et al. [8], Fazio et al. [9],
Wu et al. [10], and He and Kang [11] have carried out a very
meaningful discussion and practice on the theory of surface
movement and deformation caused by underground min-
ing. /e theoretical analysis method can analyze and restore
the surface movement and deformation curve by intro-
ducing related variables. However, the analysis of complex
strata and terrain related problems is slightly insufficient.
Nikolaos et al. [12], Guarino et al. [13], Scotto di Santolo
[14], Yin et al. [15], and Li et al. [16] analyzed the surface
movement caused by underground mining by simulation
experiment method. However, the model experiment is
established based on the similarity theory. /erefore, the
material properties, stress factors, and boundary conditions
are difficult to fully meet the similar requirements. More-
over, the model test process is complex.
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At present, with the development of computer hard-
ware and the progress of related numerical model software,
the numerical simulation method of surface movement and
deformation of underground mining has made rapid
progress [17, 18]. /e influence of dynamic load,
groundwater, and other comprehensive factors on the
surface movement and deformation can be considered in
the numerical simulation [19]. /erefore, the numerical
simulation has become a common analysis method
[20–23]. Hadi et al. [24] used the FLAC3D software to
simulate the ground surface subsidence due to sublevel
caving method. /en, the longitudinal and transverse
profiles of subsidence and the influence zone were studied.
Zuo et al. [25] used a new program MDDA (mining dis-
continuous deformation analysis) which has been devel-
oped to simulate the continuous excavation process in
mining engineering based on the existing discontinuous
deformation analysis (DDA). Both the real-time stress
distribution and evolution of rock strata movement during
the mining process could be effectively obtained. Nick et al.
[26] used a distinct element numerical model PFC2D to
establish a large-scale avalanche of earth material. A
general stretching and thinning of the avalanche are
observed.

However, it is difficult to convert complex strata and
complex terrain into the 3D numerical model. /e es-
tablishment process of 3D stratigraphic boundary is
complex. At present, the simplified stratigraphic
boundary modeling is generally adopted by making a
plane with consistent occurrence along a single direction,
although some software can directly use the complex 3D
stratum boundary to construct the model. However, it is
very difficult to control the model element size at the 3D
stratigraphic boundary, due to the complexity of CAD
isoline spacing and nodes. /e high-density grid is often
generated in the area with large height difference (dense
contour lines), which makes the total number of model
units increase sharply. /e existence of high-density
mesh seriously affects the calculation speed of the 3D
model.

Based on the self-developed CAD and finite element
software interface program, this paper realizes the con-
trollable grid of complex strata. Taking a mine as an ex-
ample, a mine numerical model with complex geological
strata is established by using the FLAC3D numerical
simulation method. /e relevant horizontal and vertical
sections, geological boundary contour map, ore body
distribution map, and other data are used in the model.
/rough the field engineering geological survey and rock
mechanics, the mine numerical model is established. /e
actual rock mass mechanical parameters are obtained from
the test. /en, the calculation and analysis are carried out.
In this way, not only the influence of complex strata is

considered but also the influence of joint and other
structural planes is reflected in the process of rock mass
mechanical parameters. /e surface subsidence is in good
agreement with the measured values. /e calculation re-
sults of surface movement and deformation can provide
reliable guidance for mining.

2. Mesh Construction Method of 3D
Complex Surface

/e MATLAB program is used to realize the interface be-
tween CAD and finite element software. /e 3D complex
surface model can be directly generated from CAD data,
which can be used by finite element software.

/e features of the interface program are as follows:

(1) /e interface program can automatically extract the
coordinates of isoline points and corresponding el-
evation values and coexist in the text file.

(2) /e interface program can automatically set the
horizontal and vertical dimensions of the 3D
surface mesh. /e difference of the grid near the
actual coordinate point can be found automatically.
Finally, the regular and uniform 3D surface is
obtained.

(3) /e interface program can realize the automatic
extension of isoline to nonisoline data area. /e
automatic construction of area surface model
without isoline data can be realized.

If the density of isoline points extracted by the pro-
gram does not meet the needs of horizontal and vertical
grid size of 3D surface, the surface spline interpolation
method is used for encryption. /e coordinates and
corresponding elevation values of the points before en-
cryption are

Xi � xi yi 
T
,

Hi i � 1, 2, 3, . . . , n,

⎧⎨

⎩ (1)

where Xi and Yi are the X and Y coordinates of elevation
point I, respectively, and Hi is the elevation value of point i.

Formula (1) is a bivariate single-valued list function,
which is fitted. /e expression of bivariate spline function is
as follows:

H(X) � c1 + c2x + c3y + 
n

i�1
c3+ir

2 ln r
2
i + ε , (2)

where r2 � (x − xi)
2 + (y − yi)

2, c1, c2, . . . , c3+n is the coef-
ficient to be solved, and ε is the adjustment coefficient,
ranging from 0.01 to 1.00 for flat areas and 10−6 to 10−5 for
singular surfaces. /e coefficient to be calculated can be
determined by the following formula:
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n

i�1
c3+i � 0,



n

i�1
c3+ixi � 0,



n

i�1
c3+iyi � 0,

c1 + c2xj + c3yj + 
n

i�1
c3+ir

2
ji ln r

2
ji + ε  + hjc3+j � Hj, j � 1, 2, . . . , n; i≠ j,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(3)

where r2ji � (xj − xi)
2 + (yj − yi)

2 and hj is the weighting
coefficient of the j node, which can be taken as 0. Equation
(3) is expressed as matrix

Am×mCm×1 � Hm×1, (4)

where Cm×1 is a symmetric matrix composed of node co-
ordinate values and weighted coefficients. If Am×m is not a
singular matrix, then the equation can be solved and the
coefficient matrix is

Cm×1 � A
−1
m×mHm×1. (5)

/en, equation (2) can determine that if the model area is
divided into k quadrilateral grids, the corresponding isoline
elevation of each grid node is expressed as

Hk � c1 + c2xk + c3yk + 
n

i�1
c3+ir

2
ki ln r

2
ki + ε . (6)

/e partial derivative of elevation function of isoline at
any grid node is expressed as

zHk

zx
� c2 + 2

n

i�1
c3+i ln r

2
ki + ε  +

r
2
ki

r
2
ki + ε

  + xk − xi( ,

zHk

zy
� c2 + 2

n

i�1
c3+i ln r

2
ki + ε  +

r
2
ki

r
2
ki + ε

  + yk − yi( .

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(7)

c3+i is the coefficient to be solved. k is the number of
quadrilateral meshes. i is the specific grid node. ε is the
adjustment coefficient, ranging from 0.01 to 1.00 for flat
areas and 10−6 to 10−5 for singular surfaces.

/rough formula (7) and grid node coordinates, the
corresponding coordinates of the mesh nodes of the fitting
surface can be obtained. /e three-dimensional coordinates
of the interpolated points can be obtained.

Taking the CAD contour, as shown in Figure 1, as an
example, the grid length in horizontal and vertical directions
(25m in horizontal direction and 20m in vertical direction)
is set independently in the interface program. /e local part
of CAD contour line (such as the lower left corner of CAD
drawing) cannot meet the grid density. /e program carries
out automatic interpolation calculation to generate the 3D
surface model. /e different grayscale in Figure 2(a) rep-
resents different elevation. /e model is consistent with the
isoline in Figure 1.

3. Engineering Case Analysis

3.1. General Situation of Mining Area. /e surface of the
mining area is gentle, slightly inclined to the east, with a
gradient of about 7‰. /e surface of the mining area is
approximately horizontal. /e strata in the mining area are
composed of quaternary loose rocks, neogene clastic rocks,
metamorphic rocks of Daqueshan formation of Middle
Proterozoic Zhujiashan group, and ultrabasic rocks. /ere
are mainly two ore belts K1 and K2 in the mining area. /e
K1 ore belt occurs in the top alteration of the rock mass. /e
K2 mineralization belt occurs in the alteration of the rock
bottom. /e occurrence of K1 and K2 ore belts is consistent
with the top and bottom of the rock mass, respectively.

A large number of buildings and structures are dis-
tributed on the surface of the mining area. /e several
villages and a provincial highway are mainly distributed
within the scope of the mining right. If the surface is
destructively deformed, it will have serious consequences.
/is paper will focus on the analysis of the surface
movement and deformation of underground mining. /e
geological boundary of strata in the mining area is complex.
/e contour line of typical rock stratum boundary is shown
in Figure 3. Because the theoretical analysis method has
strict requirements on the occurrence of strata, it is very
difficult to establish the complex geological boundary in the
similar model test. /erefore, it is very practical to use
numerical simulation analysis for the mine with complex
stratum boundary.

3.2. Construction of Numerical Model. According to the
actual situation of themine, the developed interface program
is used to realize the three-dimensional surface modeling of
multiple complex strata, which provides the basis for the
subsequent surface movement and deformation analysis.
According to the geological exploration data, a three-di-
mensional grid of quaternary stratigraphic boundary and
surface topography is established, as shown in Figure 4.
According to the contour map of stratigraphic boundary, the
boundary 3D grid of upper K1 ore body and lower K2 ore
body is established, as shown in Figure 5./e final 3D grid of
stratigraphic boundary is shown in Figure 6.

According to the established three-dimensional grid of
stratum boundary, the numerical calculation model is
completed and the units are divided. According to the
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horizontal projection of ore body, the high- and low-grade
ore bodies are divided. /e three-dimensional model of the
ore body and surrounding rock three-dimensional model is
shown in Figure 7. /e different colors represent different

grades of ore bodies. /e two-layer ore bodies are composed
of four three-dimensional curved surfaces./e internal units
of the calculation model are shown in Figure 8. In Figure 8,
group 9 is the quaternary system, group 11 is the Neogene
rock mass, group 10 is the roof rock mass of K1 seam, group
7 is the roof rock mass of K1 seam and K2 seam, group 8 is
the floor rock mass of K2 seam, and group 3, group 5, and
group 6 are different grade ore bodies.

Figure 1: Original CAD contour map.

(a) (b)

Figure 2: 3D surface model. (a) Top view grayscale image of 3D surface. (b) /ree-dimensional surface stereogram.

Figure 3: Contour line of ore body floor strata boundary.

Surface
Quaternary
boundary

Figure 4: Quaternary stratigraphic boundary and surface grid map
(front view).

K1

K2

Figure 5: Grid diagram of boundary line of K1 ore body and K2 ore
body (front view).
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In the numerical analysis of underground engineering,
the key to successful calculation is not only the accurate
calculation model but also the initial geo-stress field [27, 28].
/is time, the load is applied according to the self-weight
stress of the rock mass. /e z-direction constraint is applied
at the bottom of the model, and the X-direction and Y-
direction constraints are applied around the model. /e
surface is a free surface.

3.3. Numerical Simulation Scheme and Parameter Value.
/is numerical simulation mainly analyzes the influence law
and scope of mining on the surface. According to the mine
design, the simulated mining steps are determined. /e
filling is carried out at the end of each mining step. /e
specific numerical simulation scheme is shown in Figure 9.

According to the results of rock physical and mechanical
test and rock mass quality evaluation, the mechanical pa-
rameters of surrounding rock mass are calculated according
to Hoek–Brown criterion. /e typical Hoek–Brown calcu-
lation curve is shown in Figure 10. /e final mechanical
parameters of rock mass are shown in Table 1.

3.4.Analysis ofNumerical SimulationResults. After the high-
grade ore above 280m in K1 ore body is mined and filled, the
displacement of the upper rock mass next to the filling body
is the largest, which is 0.15m. /e surface displacement
above the mining area is the largest, about 0.05m. After the
mining and filling of high-grade ore below −280m of K1 ore
body and −730m∼−590m of K2 ore body, the maximum
displacement of rock stratum appears above the filling body
of K2 ore body, which is about 0.3m. /e surface dis-
placement is about 0.1m. After the high-grade ore above
−730m and below −590m of K2 ore body is mined and
filled, the maximum displacement of strata is located above
the filling body of K2 ore body, and the increase is not
obvious, which is 0.32m. /e surface displacement reaches
0.2m. /e mining of all low-grade ore bodies has a sig-
nificant impact on strata movement. /e maximum dis-
placement inside the strata reaches 0.37m, which is located
in the upper part of K2 ore body and relatively close to the
surface. At this time, the maximum displacement of the
surface reaches 0.3m./e cloud chart of strata movement in
different mining stages is shown in Figure 11. /e results of
FLAC3D are imported into surfer software, and the final
deformation of the surface is shown in Figure 12.

3.5. Analysis of 5eoretical Calculation Results. At present,
the mine has arranged the surface subsidence observation
points along the 1-1 survey line. /e mining of the lower ore

body of Miaozhuang has been completed, and the mining
area is far away from here. /e measured results show that
the surface subsidence has become stable. /e maximum
measured value of subsidence near village 4 is 0.07m, which
can be regarded as the final subsidence value of this point.
/ere is no obvious damage sign of surface structures.

FLAC3D can directly export the surface subsidence isoline
map and the surface horizontal movement isolinemap. Surface
slope contour map and surface curvature contour map are
transformed into surface horizontal deformation contour map.
It can be realized by the derived surface subsidence and surface
horizontal movement data by the MATLAB, according to the
following calculation formula.

/e formula for calculating the inclination of the earth’s
surface in x and y directions is

ix(x, y) �
zW(x, y)

zx
,

iy(x, y) �
zW(x, y)

zy
,

(8)

where W(x, y) is the surface subsidence value.
/e formula for calculating the curvature of the earth’s

surface in x and y directions is

Kx(x, y) �
z
2
W(x, y)

zx
2 �

zixW(x, y)

zx
,

Ky(x, y) �
z
2
W(x, y)

zy
2 �

ziyW(x, y)

zy
,

(9)

where i (x, y) is the surface inclination value in the x and y
directions.

/e formula for horizontal deformation in the direction
of x and y of the surface is

εx(x, y) �
zUx(x, y)

zx
,

εy(x, y) �
zUy(x, y)

zy
,

(10)

where U (x, y) is the horizontal surface movement in x and y
directions.

/e surface subsidence isoline map, surface horizontal
movement contour map, and corresponding survey line
profile map obtained by numerical simulation are shown in
Figures 13 and 14. /e surface slope contour map, surface
curvature contour map, surface horizontal deformation
contour map, and corresponding survey line profile map
obtained by formulas (8)–(10) are shown in Figures 15–17.
/e final surface movement deformation value obtained is
shown in Table 2.

/e damage degree of buildings affected by mining
depends on the size of surface deformation and the ability of
buildings to resist deformation. As there is no specification
for this aspect in noncoal mines, the influence range of
surface deformation of underground mining is delineated
according to horizontal deformation ε> 2.0mm/m or cur-
vature k> 0.2×10−3 or inclination i> 3.0mm/m with

Figure 6: Grid diagram of stratigraphic boundary.
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reference to the regulations for retaining coal pillars in
buildings, water bodies, railways, and main shafts [29].

According to the calculation, the underground mining
has little influence on the surface of the mine. /e calculated
subsidence value at village 4 is 0.075m, which is close to the
measured value of 0.07m. /e numerical simulation results
are consistent with the actual situation. /e regional sub-
sidence and horizontal movement of the ground surface will
not affect the surface buildings and structures. /erefore, in
the three regulations and other specifications, only three

surface deformation indexes, such as horizontal deforma-
tion, curvature, and inclination, are used to reflect the in-
fluence degree of surface buildings and structures.
Horizontal surface deformation can cause tension cracks in
buildings, surface curvature will cause uneven deformation
of buildings and structures, and surface tilt may cause
construction buildings overturn, which affects the safety of
surface buildings and structures. According to the calcula-
tion results, the maximum inclination, maximum curvature,
and horizontal deformation of themine are −0.5∼0.3mm/m,

K1 ore body

K2 ore body 

(a) (b)

Figure 7: /ree-dimensional model of the ore body and the surrounding rock three-dimensional model. (a) Ore body of K1 and K2.
(b) /ree-dimensional model.

Plane: on
Block group

3
5
6
7
8
9
10
11

Figure 8: Unit diagram of the calculation model (note: group 9 is quaternary; group 11 is Neogene; group 10 is K1 roof rock; group 7 is K1
floor rock and K2 roof rock; group 8 is K2 floor rock; group 3, group 5, and group 6 are ore bodies.).

K2 ore body –730m and
below –590m high-grade

ore

Low-grade
ore body

K1 ore body
-280m high-
grade ore

K1 ore body below
–280m and K2 ore body
–730m~–590m high

Figure 9: Numerical simulation calculation scheme.
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Table 1: Summary of rock mass mechanical parameters.

Rock
stratum

Bulk
density (kN/m3)

Cohesion
(MPa)

Internal friction
angle (°)

Elastic modulus
(GPa) Poisson’s ratio

Quaternary soil 1.9 0.56 29.3 0.021 0.32
Neogene rock mass 2.7 0.60 33.0 6.0 0.21
K1 ore body roof 2.7 3.28 32.8 12.0 0.26
K1 ore body floor 2.8 6.73 41.5 16.8 0.26
Floor of K2 ore body 2.7 6.95 41.5 15.3 0.26
Ore body 2.9 9.28 44.2 26.6 0.26
Filling body 2.0 0.50 32.0 0.60 0.25

6n
τ
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ea

r s
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0 20 3010
Normal stress (MPa)

Figure 10: Calculation curve of Hoek–Brown criterion for roof rock mass of K1 ore body.
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Figure 11: Continued.
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Figure 11: Cloud chart of strata movement in different mining stages. (a) Step 1. (b) Step 2. (c) Step 3. (d) Step 4.
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Figure 12: Continued.
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Figure 13: Surface subsidence contour map.
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Figure 12: Final surface movement and deformation. (a) Cloud chart of surface subsidence. (b) Cloud image of surface horizontal
movement. (c) Cloud chart of surface tilt. (d) Surface curvature nephogram. (e) Cloud image of surface horizontal deformation.
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Figure 15: Contour map of surface tilt.
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Figure 17: Contour map of surface horizontal deformation.
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−1.6∼4.0×10−6/m, and −0.38∼0.18mm/m, which are not
within the scope of influence specified in the three regu-
lations. /e mining method of the filling method has no
obvious impact on the surface structures.

4. Conclusion

In this paper, the interface program between CAD and finite
element software based on surface spline interpolation de-
veloped by MATLAB software is used to realize the con-
trollable mesh of complex stratum. Based on a mine
engineering example, the mine numerical model including
multiple complex stratum boundaries is established. /e
surface movement and deformation of underground mining
are analyzed emphatically.

(1) Based on the self-developed interface program of
CAD and finite element software, it can realize the
controllable gridding of complex strata and provide a
good foundation for the establishment of numerical
calculation model.

(2) According to the results of numerical simulation, the
surface subsidence caused by underground mining is
in good agreement with the measured value. /e
horizontal deformation, curvature, and inclination
of the ground surface do not reach the critical value.
/e mining method of the filling method has no
obvious effect on the surface structures. /e filling
mining can effectively control surface subsidence.
Mining steps have an impact on surface subsidence.
/e results of the previous mining are affected by the
next mining.

(3) /e developed interface program overcomes the
difficulty of 3D complex formation boundary
modeling. /e program has the advantages of con-
trollable unit size and node number. /e program
can realize area interpolation and automatic ex-
pansion of data without contour. /e program ef-
fectively avoids the appearance of local high-density
grid on the stratum boundary. /e program im-
proves the calculation speed of the model. /e re-
search results can provide reference for similar
numerical simulation.
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