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Abstract: The stability of open-pit mining is a hot issue in geotechnical engineering. A mining railroad
is in operation on the slope where the east exhaust inclined shaft and the east sand injection inclined
shaft on the Laohutai Mine are located, and it was necessary to determine whether railroad vibration
would have an impact on the safety of the inclined shafts. With this project as the background, the
dynamic response of the slope with inside two inclined shafts was conducted under train loading. A
three-dimensional numerical model by using PLAXIS 3D was established to analyze the stability of
the slope. The results show that the dynamic reaction caused by the full-loaded train is significantly
greater than the no-load train. The safety factor of the slope under the dynamic load is 1.201, and the
maximum displacement of the slope which occurred in the gravel layer directly beneath the train
track is about 5 mm. The acceleration responses of the two inclined shafts are almost consistent.
The maximum horizontal and vertical acceleration occur at the epidote weak layer. The acceleration
directly below the load increases significantly. Therefore, it can be considered that the slopes are
stable under the action of train vibration, and the influence on the two inclined shafts is small
and negligible.

Keywords: open-pit mine; PLAXIS 3D; dynamic load; safety factor; acceleration

1. Introduction

Open-pit mining is an important method of mineral resources mining [1,2]. According
to the existing data, China’s open-pit iron ore production accounts for about 90% of the
total iron ore output, non-ferrous metals account for about 52%, chemical minerals account
for about 7%, and construction materials are nearly 100%. With good operating conditions,
high efficiency, and good safety, the scale and quantity of mines increase year by year. The
waste dump is the inevitable product of open-pit mining, because it is generally adjacent
to the mining site, and its stability is related to the safety of draining open-air mining age
and stripping personnel and equipment [3–5]. Scholars in the open-air mining industry
have attached great importance to the research of the waste dump. Its stability analysis is
one of the hot issues in the field of open mining and geotechnical engineering [6–10]. With
the development of open-pit mining, the stability of open-pit high slope and inclined shaft
has also become one of the key technical problems in mine resources development [11].
For a long time, many scholars have explored the deformation and stability of slopes in
increasing depth [12–15]. The exploration results show that during the mining process, the
geological environment conditions change, especially the blasting operations in mining
activities, artificial activities, and geological structure changes such as rock faults and
stable structural surfaces with more developed fracture joints have a greater impact on the
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stability of slopes [16–20]. Therefore, it is important to monitor the stability of slopes and
inclined shafts in open-pit mines [6,9].

Qian et al. exceeded at repairing the damaged inclined shaft at the Jintian coal mine
in Yulin, China, and the measures taken provide a good reference for controlling similar
disasters [21]. Yan et al. applied an automatic load monitoring system and developed an
automatic monitoring and data transmission system for inclined shafts on the No. 2 inclined
shaft of the Bulianta coal mine in China, which has important engineering significance
for evaluating structural safety [22]. Voloshin et al. conducted a feasibility study on the
choice of slant shaft construction technology in coal mines in the Tersinsky geological and
economic region of Kuzbass [23]. Zevgolis et al. performed geotechnical characterization of
the drainage field under optimal ground use and better stability conditions [24]. Liu et al.
used the processing function of finite element analysis software MIDAS/GTS to analyze
the slope stability under three working conditions of initial excavation, backfill treatment,
and subsequent excavation at the mine site, respectively [25]. Huang et al. performed
finite element modeling of open-pit slopes to study slope stability under traffic loading [26].
Nie et al. studied the deformation characteristics and mechanism of the landslide in Fushun
West Open-Pit Mine and found that the sliding force caused by gravitational stress on the
slope was greater than the shear strength of the weak interlayer, causing the slide to slide
in line with the layer and continuous deformation [27]. Sakantsev et al. proposed a fast and
accurate analysis method for the non-mining pit wall super-flatness problem [28]. Abdellah
et al. provided a method for applying the shear strength discounting technique to evaluate
the stability of geological features on the slopes of open-pit mines [29]. Abdellah et al.
revealed the effectiveness of using numerical simulation analysis in feasibility studies
to determine and compare mining costs with safety factors and side slope angles [30].
Empirical and industrial tests of the developed blast design and effective parameters of
perimeter blasting were carried out at the Moulong quarry by Zairov et al. The developed
effective parameters of perimeter blasting ensured the creation of maximal widest shielding
splitting for the designed limit of the disturbance zone thickness with destroyed inter-block
connections in the area adjacent to the slope [31].

In this paper, in order to determine whether railroad vibration would have an impact
on the safety of the inclined shafts, with the background of topsoil stripping work on the
side slope of Fushun LaoHuTai open-pit mine, the vibration of the mine railroad during
the upper artificial activity was monitored on site, and a three-dimensional calculation
model was established by using geotechnical finite element software PLAXIS 3D to analyze
the stability of the side slope where the inclined shaft of open-pit mine is located and the
influence of train load on the vibration of the inclined shaft, which provides some guidance
for the safety assessment of the side slope and inclined shaft during the train travel.

2. Materials and Methods
2.1. Project Overview

The east exhaust inclined shaft and east sand injection inclined Shaft of Laohutai Mine
are located at the southern foot of the East Open Pit in Dongzhou District, Fushun City,
near the top of the slope, with an average elevation of 125 m. The east sand injection
inclined shaft is mainly used for sand injection in the mine workings and fire-fighting
water injection system. The east exhaust inclined shaft is used to exhaust air from the east
wing of the mine. Since the ventilation method of the mine is diagonally extracted from
both wings, the mine’s exhaust shafts are arranged in both wings of the mine, and the coal
seam of the Laohutai mine is inclined from south to north, using a combination of inclined
and vertical development. From a macro-perspective, the Fushun Coalfield is located in a
basin surrounded by the remaining veins of the Changbai Mountains and buried under the
alluvial plain of the Hun River. The flat alluvial plain is piled up under the foothills, and
the boundary is obvious. The landform type in the area is hilly area with large topographic
undulations, and the pit area is a terrace terrain formed by artificial transformation. The
geological structure of the Fushun coalfield is relatively complex, with many faults and
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large folds, as shown in Figure 1a. Topsoil stripping work is currently underway on the
slopes where the east exhaust inclined shaft and east sand injection inclined shaft are
located. At the same time, two mine roads and a mining railroad are open to traffic above
the inclined shaft, which has a certain impact on the stability of the inclined shaft, as shown
in Figure 1b.
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Figure 1. Site picture of Laohutai Mine. (a) Schematic outline of the mine site; (b) road and railroad
diagram of the mining area.

The regional geological structure of Fushun coalfield mainly includes the Swire An-
shan Group, the Lower Cretaceous Longfengkan Group, the Cenozoic Old Tertiary, and
the Fourth Series. According to the survey report, the slope where the inclined shaft is
located is divided into three layers: quaternary artificial accumulation layer (Q4ml), with
uneven thickness, generally 2–10 m, and an average of 4 m. The uppermost part is artificial
accumulation of construction waste, which is mainly composed of broken stones, bricks,
and a small amount of clay; quaternary residual slope accumulation layer (Q4dl + el), the
thickness of this layer is uneven, generally 4–17 m, average 6 m. It is mainly composed
of cohesive soil and gravel (sandstone) with yellowish-brown color and poor sorting and
grinding round. The gravel diameter is generally 2–3 cm, and the maximum can reach
8 cm; the lithology of the sandstone formation of the Lizigou Group (E12l), the lithology
of this layer is sandstone, with local green curtain stone. Its direction is consistent with
the direction of the coal in this layer, with a dip angle of 30–37◦, generally 35◦, and its
tendency is basically consistent with the tendency of the side slope, with a tendency of 33◦.
That is, the south formation is in the state of cascade, which is not good for the stability of
the slope.

2.2. Field Monitoring

The monitoring section is located at the east sand injection shaft of LaoHuTai, and
the test site is mainly quaternary artificial accumulation layer. The measuring point
arrangement is shown in Figure 2, defining horizontal direction vertical to the railway
extending as horizontal (x), horizontal direction parallel to the railway extending as vertical
(y) and vertical to the railway as vertical (z). Six measuring points are set along the
horizontal direction, with a spacing of 1.5 m, for each measuring point, monitoring both
the horizontal and vertical vibration acceleration.

Each measuring point uses a 173A500 acceleration sensor (with a monitored accelera-
tion range: −10 g–+10 g). The CF5920N dynamic signal test analyzer is used for the data
acquisition, as shown in Figure 3. CF5920 dynamic signal test and analysis system and
SeismoSignal vibration spectrum analysis system were used for data processing. In this
test, the monitoring sampling frequency is 1000 Hz.
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2.3. Numerical Simulation
2.3.1. Calculation Model and Parameters

PLAXIS 3D program is a 3D finite element program for geotechnical deformation
and stability analysis. With the development of PLAXIS, it has been gradually improved
into a set of software with solid theoretical foundation, friendly interface, and strong
logic applicable to most geotechnical engineering fields. It is successfully applied to
the computational work of tedious and time-consuming non-linear finite elements in
geotechnical engineering. In order to fully reflect the dynamic response of slope and
roadway under train dynamic load, PLAXIS 3D software was used for simulation analysis,
and the model size of 200 m × 120 m × 145 m was taken to simulate the area with strong
human engineering activities, great influence on slope stability, and possible influence on
the safety of underground inclined shaft. As shown in Figure 5, the length of the model
is 200 m, and the width is 120 m. The value of the model height depends on the result of
geological exploration, considering the effect on the epidote layer and the depth of the
inclined shaft—145 m is taken. According to the current diagram of open-pit mine, the
cross-sectional diameter of both inclined shafts is 6 m, the length of the inclined shaft is
230 m, and the wall thickness is 0.45 m. Two shafts successively go through the upper
complex gravel soil layer, sandstone layer, chlorinated weak layer and bottom sandstone
layer. The calculation model is shown in Figure 5, dividing 81,286 units and 123,035 grids.
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Figure 5. Calculation model diagram.

All the constitutive model of the soil adopts the ideal elastic-plastic model based on
the Moore-Coulomb yield criterion and the non-associated flow rule. Two inclined shafts
are simulated using plate elements. The bottom surface of the slope calculation area adopts
fixed constraints, the model sides are normal fixed constraints, and the others are free
boundaries. In practice, the vibration wave propagates all the way along the semi-infinite
soil, but after setting the boundary artificially, there is a wave reflection at the boundary,
and the reflected-back wave affects the analysis result of vibration response. In order to
counteract the effect of reflection of such waves at the boundary on vibration analysis,
special measures are taken at the boundary to set up a viscous boundary. Since the theory of
viscous boundary conditions is mature and widely used, most of the finite element software
provides the boundary condition of viscous boundary; therefore, the viscous boundary
condition in PLAXIS 3D is also used in the dynamic calculation after the dynamic load of
the train is applied. The displacement of the slope model under the stability analysis of the
rock mass. According to the results of the field geological survey, the rock stratification is
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not obvious, and the rock quality is good; therefore, the suppression of the rock mass layers
is not considered in the simulation. This is an elastic-plastic dynamic calculation and does
not take into account the dynamic coefficients in the proposed hydrostatic method. The
Rayleigh damping coefficients α of 0.1 and β of 0.008 were obtained from the indoor tests.
The strata analyzed in this slope are mainly mixed fill, gravel soil, and sandstone with
weak layer in the middle section of sandstone, and the physical and mechanical parameters
of the stratum are shown in Table 1: where γunsat is the unsaturated weight, γsat is the
saturated weight, E′ is the effective modulus of elasticity, v is the Poisson’s ratio, c is the
cohesion, and ϕ is the friction angle.

Table 1. Physical and mechanical parameters of the rock formation.

Category γunsat
(kN/m3)

γsat
(kN/m3)

E
′

(kN/m2)
v c

(kN/m2) ϕ (◦)

Mixed fill 19 22 104 0.3 8 26

Gravelly soil 20 23 4× 104 0.2 10 23

Sandstone 29 30 2× 1010 0.2 38 38

Epidote 20 22 2× 106 0.3 12 7

The schematic diagram of train dynamic load and two inclined shaft position in the
model is shown in Figure 6.
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2.3.2. Application of the Train Load

Based on the train vibration mechanism, the superposition coefficient and dispersion
coefficient are introduced to modify the existing train rail load expression. The revised
load expression is:

F(t) = k1k2(A0 + A1 sin ω1t + A2 sin ω2t + A3 sin ω3t) (1)

where A0 is the static wheel load; A1, A2, and A3 are the peak vibration load corresponding
to the circular frequency of rail vibration ω1, ω2, and ω3, respectively; k1 is the superposi-
tion coefficient of wheel-rail action, taking the value range of 1.2–1.7; k2 is the dispersion
coefficient of wheel-rail action, taking the value range of 0.6–0.9.

Let the under-spring mass of the train be m, and then the corresponding vibration
load Ai is:

Ai = mαiω
2
i (2)



Metals 2021, 11, 1681 7 of 16

where i = 1, 2, 3 corresponds to the three control conditions of smoothness, power surcharge
load on the line, and waveform wear. αi is the typical positive vector, and ωi is the vibration
circle frequency. The formula for ωi is:

ωi =
2πv
Li

(3)

where Li is the wavelength corresponding to αi, v is the travel speed.
Based on Equations (1) and (2), the time curve of train vibration load at 60 t axle

weight and running speed of 15 km/h is calculated and shown in Figure 7.
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2.3.3. Distribution of Inclined Shaft Survey Points

In order to study the safety of east exhaust inclined shaft under train load, the dis-
placement and acceleration of east exhaust inclined shaft and east sand injection inclined
shaft were simulated by using PLAXIS 3D software. A total of 9 measuring points are
arranged at each inclined shaft, and the measuring points are distributed from bottom to
top. Considering that the roadway crosses the epidote weak layer, one measuring point is
arranged up and down the layer, as shown in Figure 8.

Metals 2021, 11, x FOR PEER REVIEW 7 of 16 
 

 

Let the under-spring mass of the train be m, and then the corresponding vibration 

load Ai is: 

�� = �����
� (2)

where i = 1, 2, 3 corresponds to the three control conditions of smoothness, power sur-

charge load on the line, and waveform wear. �� is the typical positive vector, and �� is 

the vibration circle frequency. The formula for �� is: 

�� =
2��

��

 (3)

where �� is the wavelength corresponding to ��, v is the travel speed. 

Based on Equations (1) and (2), the time curve of train vibration load at 60 t axle 

weight and running speed of 15 km/h is calculated and shown in Figure 7. 

 

Figure 7. Time range curve of train dynamic load. 

2.3.3. Distribution of Inclined Shaft Survey Points 

In order to study the safety of east exhaust inclined shaft under train load, the dis-

placement and acceleration of east exhaust inclined shaft and east sand injection inclined 

shaft were simulated by using PLAXIS 3D software. A total of 9 measuring points are 

arranged at each inclined shaft, and the measuring points are distributed from bottom to 

top. Considering that the roadway crosses the epidote weak layer, one measuring point is 

arranged up and down the layer, as shown in Figure 8. 

  
(a) (b) 

Figure 8. Schematic layout of measurement points. (a) East exhaust inclined shaft measurement point; (b) east sand injec-

tion inclined shaft measurement point. 

  

Figure 8. Schematic layout of measurement points. (a) East exhaust inclined shaft measurement point; (b) east sand injection
inclined shaft measurement point.

3. Results and Discussion
3.1. Monitoring Result

The monitoring sampling frequency is 1000 Hz; the speed of the no-load train is
20 km/h; the weight is 30 t/section; and the speed of the full-load train is 15 km/h, and
the weight is 60 t/section. Define the acceleration characteristic value: the maximum
absolute acceleration, the maximum recorded absolute value of the acceleration at the same
measuring point at each moment, and describe the maximum amplitude of the vibration
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acceleration at the measuring point when each train passes, and x, y, z direction is recorded
as |ax|max

∣∣ay
∣∣
max|az|max. Based on the monitoring statistical results and data processing,

the vibration acceleration reaction features were analyzed as follows: The surface vibration
caused by three no-load trains and three fully loaded trains was monitored. Figure 9 shows
the measured value of vertical and horizontal acceleration time curve at the surface of
1.5 m from the track under 60 t axle heavy-loaded train 15 km/h.
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Figure 9. Ground vertical acceleration time. (a) Ground vertical acceleration time range curve at
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The acceleration and the track distance curves under different operating conditions
are shown in Figures 10 and 11.
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Figure 10. Acceleration change curve of each measuring point of the no-load train. (a) Horizontal acceleration change
curve of each measuring point of the no-load train; (b) vertical acceleration change curve of each measuring point of the
no-load train.

From the Figures 10 and 11, the characteristic values of horizontal and vertical ac-
celeration decrease with the increase in distance from the measurement point, and the
characteristic values of horizontal acceleration are less than 0.04 g, and vertical acceleration
are less than 0.05 g at 9 m from the rail. The vibration response caused by a fully loaded
train is obviously larger than that of an unloaded train; the decay speed of vibration caused
by an unloaded train is obviously slower than that of a fully loaded train due to the faster
driving speed. The vibration response caused by a fully loaded train is significantly larger



Metals 2021, 11, 1681 9 of 16

than that of an unloaded train; the decay rate of vibration caused by an unloaded train
is significantly slower than that of a fully loaded train due to its faster travel speed. This
indicates that the train load and speed have an effect on the vibration response. Both hori-
zontal and vertical acceleration eigenvalues decay significantly with increasing distance
from the measurement point.
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3.2. Model Correctness Verification

To verify the finite element model, the numerical results of the train dynamic load
model are compared with the field measurements of the fully loaded train, as shown
in Figure 12. It can be seen from the figure that the horizontal and vertical acceleration
eigenvalues of each measuring point in the numerical calculation model are basically the
same as the measured value, indicating that the finite element model is feasible and correct.
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Figure 12. Comparison of acceleration simulation of measuring points above the injection shaft and measured results.
(a) Comparison of horizontal acceleration simulation of measuring points above the injection shaft and measured results;
(b) comparison of vertical acceleration simulation of measuring points above the injection shaft and measured results.

To study the dynamic response characteristics of the inclined shaft under the train load,
the surface horizontal and vertical acceleration features above the east exhaust inclined
shaft are simulated by the finite element model. The simulation results are shown in
Figure 13.

It can be seen from the figure that the decay law of the acceleration eigenvalues is
roughly the same as the measured results, which both show a decreasing trend. The
maximum horizontal acceleration of 0.23 g, vertical acceleration of 0.32 g is close to the
measured results. It is considered that the establishment of this model is correct and feasible
to analyze the dynamic response of the slope and inclined shaft.
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3.3. Numerical Calculation Results and Analysis
3.3.1. Slope Stability Analysis

After applying train load, the displacement of slope is shown in Figure 14 below.
The simulation results show that the maximum displacement of the slope is 5 mm

and is directly below the train track; the miscellaneous fill layer on the side slope is only
0.5 mm. Considering that the distance between the slope and the dynamic load of the train
is far, there is no landslide or damage in the soil. Both the internal dangerous epidote weak
layer and the whole sandstone are less than 0.1 mm in displacement under the action of
the train dynamic load, which can be ignored. Thus, the overall slope displacement under
the dynamic load is very small, and the soil body does not suffer any damage.

The safety factor of the slope is derived from the strength-fold subtraction, which shaft
unifies the strength reserve safety factor with the overall stability safety factor of the slope.
The essence is that the initial shear strength τ of the slope decreases as the initial value, in
order to find the shear strength value τ ‘(which just makes the slope in a critical unstable
state and is referred to as critical shear strength). The critical shear strength value is:

τ′ =
τ

F
=

c + σ· tan ϕ

F
=

c
F
+ σ

tan ϕ

F
(4)

Correspondingly, the reduced shear strength parameters are: c′ and ϕ′

c′ =
c
F

(5)

ϕ′ = arctan
(

tan ϕ

F

)
(6)

The slope safety factor calculated by this model is shown in Figure 15 below.
The safety coefficient of the slope finally converges to 1.201; that is, the safety coeffi-

cient of the slope is 1.201, and according to the Design Standard for Slope Engineering of
Coal Industry Open-Pit Mine GB 51289-2018, the safety coefficient of the slope is not less
than 1.05. Thus, it can be judged that the slope is stable under the action of traffic load.

3.3.2. Dynamic Response of East Exhaust Inclined Shaft

Under the action of the train dynamic load, the displacement of the inclined shaft and
the acceleration response of the various measuring points on the inclined shaft are mainly
considered. The displacement cloud diagram of the east exhaust inclined shaft is shown in
Figure 16 below.
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Figure 14. The displacement of slope. (a) Overall slope displacement; (b) mixed fill layer displacement; (c) gravelly soil
displacement; (d) upper displacement of the epidote; (e) epidote weak layer displacement; and (f) sandstone displacement
under the epidote.

Under the train load, the horizontal displacement peak of the east exhaust inclined
shaft is 0.02 mm and located at the top of the east exhaust inclined shaft; the inclined
shaft has the top-right (x positive) deformation trend under dynamic load; the vertical
displacement peak of the east exhaust inclined shaft is 0.03 mm and is also at the top
of the inclined shaft; and the bottom-left (x negative) deformation trend of the inclined
shaft is under dynamic load. Overall, train load vibration has little impact on the east
exhaust inclined shaft displacement. Its vertical and horizontal displacement are less than
0.1 mm, and the east exhaust inclined shaft is deflected negligibly under the influence of
the dynamic train load.

The acceleration characteristic values of each measuring point of east exhaust inclined
shaft are shown in Table 2.
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Figure 16. Displacement of east exhaust inclined shaft. (a) Horizontal displacement of east exhaust inclined shaft; (b) vertical
displacement of east exhaust inclined shaft.

Table 2. Eigenvalue of acceleration of east exhaust inclined shaft.

Point |ax|max/ g |az|max/ g

1 7.33× 10−4 1.16× 10−3

2 1.36× 10−3 1.75× 10−3

3 6.21× 10−3 8.19× 10−3

4 1.81× 10−3 8.02× 10−3

5 3.17× 10−4 4.75× 10−4

6 7.05× 10−4 1.05× 10−3

7 2.83× 10−3 3.54× 10−3

8 2.60× 10−3 4.08× 10−3

9 2.36× 10−4 2.70× 10−3

The acceleration characteristic value of the inclined shaft are shown in Figure 17.
As it can be seen from Table 2, in general, the acceleration characteristic values of

each measurement point are small, and the maximum values of horizontal and vertical
acceleration are 6.21 × 10−3 and 8.19 × 10−3 g, respectively, at measurement point 3,
i.e., the upper part of the diagonal shaft going down through the weak layer of epidote.
As can be seen from Figure 18, there are two significant increases in the characteristic
value pattern of acceleration in each direction: the first one is a significant increase in the
peak value when going down through the weak layer, and the second one is at the point
directly below the load. Further, the horizontal acceleration of the rest of the inclined
shaft measurement points is stable at 1 × 10−3 g, and the vertical acceleration is stable at
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1–3 × 10−3 g. In general, the effect of train load on the safety of the east exhaust inclined
shaft is relatively small.
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(a) Schematic diagram of relation between horizontal acceleration and inclined shaft length of east exhaust inclined shaft;
(b) schematic diagram of relation between vertical acceleration and inclined shaft length of east exhaust inclined shaft.
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3.3.3. Dynamic Response of East Injection Inclined Shaft

Under the action of the train dynamic load, the displacement of the inclined shaft
and the acceleration response of the various measuring points on the inclined shaft are
mainly considered. The displacement cloud map of the east injection shaft is shown in
Figure 18 below.

Under the action of train load, the horizontal displacement of the east sand inclined
shaft is 0.018 mm and located at the top of the inclined shaft, slightly offset (x direction)
within 0.018 mm; given the vertical displacement of 0.028 mm, at the bottom of the inclined
shaft, there is overall sinking trend, but the sinking amount is within 0.03 mm. In general,
train load vibration has little impact on the displacement of the east injection inclined shaft,
and its vertical and horizontal displacement are less than 0.1 mm and are negligible under
the influence of train dynamic load.

The acceleration characteristic values of the east exhaust inclined shaft are shown in
Table 3.

The acceleration characteristic value of the inclined shaft are shown in Figure 19.
In general, the acceleration characteristic values of each measurement point are small,

and the maximum values of horizontal and vertical acceleration are 6.98 × 10−3 and
4.85 × 10−3 g, respectively, also at measurement point 3, which is the upper part of the
inclined shaft down through the weak layer. The horizontal and vertical accelerations
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change in a similar pattern, and both have a significant increase at measurement point 3,
i.e., measurement point 7, which is directly below the load. The horizontal and vertical
acceleration time curves both increase to the maximum peak before 0.1 s. The peak
value increases significantly through the weak layer, and the acceleration increases at the
measurement point below the load, while the horizontal acceleration at the rest of the
inclined shaft measurement points is stable at 1–2 × 10−3 g, and the vertical acceleration is
stable within 1 × 10−3 g. In general, the effect of train load on the safety of the east sand
injection inclined shaft is relatively small.

Table 3. Eigenvalue of acceleration of east injection inclined shaft.

Point |ax|max/ g |az|max/ g

1 1.32× 10−4 1.80× 10−3

2 1.76× 10−3 3.08× 10−4

3 6.98× 10−3 4.85× 10−3

4 3.24× 10−3 3.02× 10−3

5 9.77× 10−4 6.90× 10−4

6 1.53× 10−3 1.99× 10−4

7 3.41× 10−3 1.95× 10−3

8 7.97× 10−4 8.75× 10−4

9 2.44× 10−4 1.95× 10−4
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4. Conclusions

Most of the previous studies by scholars on inclined shafts lie in underground mines,
and there are fewer studies on open-pit mines. As one of the larger open-pit mines in Asia,
the scale of the inclined shaft in Laohutai mine is also rare in the world. Unlike previous
scholars, the dynamic load in this study is the dynamic load generated during the train
travel, not the small-scale vehicle load. In this study, through site monitoring and power
response analysis on the slope of the east sand injection inclined shaft and the east exhaust
inclined shaft, the following conclusions are drawn:

1. The vibration response caused by the full-load trains is significantly greater than the
no-load trains. The attenuation speed of the vibration caused by the no-load trains
is significantly slower than the full-load trains, which shows that the train load and
speed have an impact on the vibration response. Both the horizontal and vertical
acceleration eigenvalues decay significantly with the distance of the measuring point;

2. Under the action of dynamic load, the maximum displacement of the slope appears in
the gravel soil layer, 5 mm, and directly below the train track. The side slope and each
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soil layer are less than 1 mm soil. The safety factor of the slope under the action of the
dynamic load is 1.201.

3. The offset of east exhaust and east sand injection inclined shaft caused by train dy-
namic load is less than 0.1 mm and is far from the dynamic load, and the displacement
caused by vibration is negligible;

4. The acceleration response law of east exhaust inclined shaft and east sand injection
inclined shaft is consistent. Both the horizontal and vertical acceleration reached
the maximum at the epidote weak layer, and the acceleration increased significantly
directly below the load. The maximum horizontal acceleration of the east exhaust
inclined shaft is 6.21 × 10−3 g, with a vertical acceleration of 8.19 × 10−3 g; the
horizontal acceleration of the east injection inclined shaft is 6.98 × 10−3 g, with a
vertical acceleration of 4.85 × 10−3 g. Overall, the inclined shaft acceleration response
caused by the train vibration is small. Therefore, this test has a certain guiding
significance for the selection of the through speed and load of trains on open-pit mines
with inclined shafts and also provides some reference for the stability of the slopes of
open-pit mines under the action of train loads.
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