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In this paper, the slope of the open pit of Dahongshan iron ore mine in Yunnan is taken as the research object, the safety coefficient
and settlement values of the slope under natural and rainfall conditions are derived by the finite element software Midas/GTS, and
the surface settlement versus time is produced by fusing the InNSAR monitoring results of the study area for a whole year to judge
the stability of the open pit slope. The results show that the settlement and deformation areas shown by numerical simulation and
InSAR monitoring results are consistent; the comparison between InSAR monitoring results and rainfall intensity shows that the
cumulative value of slope settlement has a high correlation with heavy rainfall. The safety coefficients of the slopes of the open pit
under natural conditions and rainfall conditions are 1.50 and 1.21, the cumulative value of settlement in InSAR monitoring data
for one year is 18.4 mm, and no obvious large deformation area is found. The use of numerical simulation combined with InSAR
monitoring can realize the analysis of the stability of the slope of the open pit mine.

1. Introduction

The use of numerical simulations fused with monitoring
techniques has been the main research method for open pit
slope stability analysis. The slope of the open pit mine is
accompanied by the open pit mine from the beginning to the
end, the depth of the open pit mine increases further, the
height of its slope also increases further, and the risk of
landslides and other instability is also increasing year by year
[1-4]. As the instability of open pit slopes can endanger the
lives of workers and cause property damage, it is of practical
importance to study the stability of open pit slopes. In order
to ensure that open pit mining can be carried out safely and

smoothly, the prediction and analysis of the stability of the
open slope of the mining site is becoming more and more
important. With the rapid development of computer sci-
ence, numerical simulation analysis has become the main
tool to study these kinds of engineering problems [5-11].
Software that fuses strength theory and numerical simula-
tion can quickly and effectively simulate changes in slope
stresses. Huang et al. [12] simulated the effect of vibration on
slope stability by means of numerical simulation. Chen et al.
[13] analyzed the stability of very large open pit slopes by
using FLAC3D software to provide important guidance for
the design, optimization, and construction of such open pit
mines. Yu [14] used ABAQUS numerical simulation
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software to analyze the stability of slopes in open pit mines
under rainfall infiltration conditions, and the results
showed that the damage patterns of different slope ratios
under surface rainfall infiltration conditions also differed
significantly. Dong and Guo [15] used Midas/GTS NX
numerical simulation software to study the characteristics
of dynamic instability response of gently inclined open-air
slopes under earthquake action. The results of the study can
provide guidance for slope strengthening and protection
under earthquake loads. Srikrishnan et al. [16] conducted
numerical simulations using SLOPE/W and FLAC3D
software programs to analyze the effects of earthquakes on
the slopes of open pit mines. Liu et al. [17] used Fushun
West Open Pit Mine as the research background and
analyzed the stability of open pit slopes under the action of
both rainfall and earthquake using GeoStudio numerical
simulation software. Using the Victorian brown coal open
pit slope as a background, Zhao and You [18] used the FEM
to demonstrate that rainfall is an important cause of slope
instability in open pit mines. The results of surface rainfall
and mine earthquake have great influence on the safety of
slopes and should be reinforced in advance. The reliability
of a single numerical simulation for slope stability analysis
is insufficient because the results obtained from numerical
simulation are too ideal [19], and the combination of field
monitoring data with numerical simulation can predict the
stability of slopes in open pit mines in a more scientific and
reliable way. He and Li [20] analyzed the stability of an
open slope of a phosphate mine using a combination of
numerical simulation software and on-site placement of
monitoring points. Yang and Hou [21] used the SEEP/W
finite element software to simulate the whole process of the
change of the seepage field of the rock body of the slope
under the infiltration condition of heavy rainstorm and
found that the landslide generally has a lag of about 24h
after the heavy rainstorm after using the slope sliding
monitoring system and the real-time monitoring system of
rainfall. Taking Fushun as an object of study, Zhang et al.
[22, 23] used monitoring and numerical simulation
methods to accurately circle the sliding surface of the slope.
Sertabipoglu et al. [24] combined monitoring data and
finite element (FE) methods to propose a dynamic method
that can predict the risk of slope damage in the field. Li et al.
[25] conducted a numerical analysis using monitoring and
FEMLIP to determine the mechanism of rock sliding,
which can be used as an aid for future disaster prediction.
Lépez-Vinielles et al. [26] used remote sensing data and
geomechanical modeling as a case study to remotely an-
alyze slope instability in open pit mining areas in Las
Cruces, Spain.

A large number of scholars used numerical simulation
methods combined with monitoring to conduct research on
the stability of open pit slopes and used conventional GNSS,
total station monitoring [27, 28], etc. There are few appli-
cations for InSAR (synthetic aperture radar jamming)
obtaining mine surface deformation data but which is de-
veloping more rapidly today in other fields [29-31]. Com-
pared to conventional monitoring methods, InSAR
technology can monitor large areas and long periods of time
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with very little manual effort. This paper takes the slope of
Dahongshan iron ore open pit mine as the engineering
background, uses numerical simulation to study the stability
of the slope under natural and rainfall conditions, and selects
suitable monitoring points to comprehensively analyze the
stability of the slope by InSAR satellite monitoring data. The
results are more scientific and reliable. It can provide ref-
erence for the subsequent mining and slope management of
Dahongshan open pit iron ore mine.

2. Project Background and Analysis Method

2.1. Project Background. The climate type of Dahongshan
open pit mine is subtropical. It is characterized by clear dry
and wet seasons and abundant rainfall. The annual rainfall in
this area is 700-1200 mm, with an average rainfall of
930.8 mm. More than 60% of the rainfall is concentrated
from June to September. The study area is located in area I of
the slope of the quarry, the lowest elevation of its mining
status is 880 m, the highest elevation is 1150 m, the vertical
height is 270 m, the overall slope angle of the slope of the
open pit is about 39°, and the status of the slope of the open
pit is shown in Figure 1.

The physical and mechanical parameters of the strati-
graphic rock in the area were obtained by sampling in the
field and conducting indoor rock mechanics tests as shown
in Table 1.

2.2. Principles of Numerical Simulation of Slopes

2.2.1. Strength Discounting Method. Some traditional slope
stability analysis methods are based on limit equilibrium
theory, which has its limitations. It does not consider the
internal stress-strain relationship of geotechnical body; it
cannot analyze the occurrence and development process of
slope damage; it cannot consider the influence of defor-
mation on slope stability; it does not consider the joint
action of geotechnical body and supporting structure and
their deformation coordination relationship; and it does not
take into account the joint action of geotechnical body and
support structure and their deformation coordination re-
lationship. Because it makes many artificial assumptions in
the analysis and calculation, it does not match with the
actual geotechnical body in the state. The finite element
strength reduction method not only takes into account the
aforementioned defects of the traditional limit equilibrium
theory but also does not need to assume the shape and
location of the sliding surface in advance and does not need
to carry out strip division, but combines with the automatic
search of sliding surface by finite element analysis software,
and the safety factor is obtained.

In calculating the minimum safety factor, the strength
discounting method considers the elastic modulus E and
Poisson’s ratio v of the slope to be constant, and the cohesion
and internal friction angle are discounted in the following
way until the calculation dissipates, and the Fs at the time of
dissipation is taken as the minimum safety factor. For shear
damaged slopes, the factor of safety equation for damage is
as follows:
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FIGURE 1: Status of Dahongshan open pit mine slope.

TaBLE 1: Mechanical parameters of rock mass.

. Weight capacity (kN/ Modulus of elasticity (kN/ ~ Cohesion Angle of internal ~ Poisson’s
Rock-solid name m?) m?) (MPa) friction ratio
Shale sandstone 26.46 40000000 146 34 0.22
E:;k green hornblende sodium 27.44 71000000 333 EY) 0.25
ch;rlrsltet green mud hornblende 29.008 46000000 147 32 0.19
lGa‘r;y'green hornblende sodium 28.616 28000000 105 26 0.28

, C 2.2.3. Numerical Simulation. Based on the results of the site
C = F_s’ exploration and the geological exploration report of the study
(1)  area, the most representative geological profile with high risk is

. (tan ¢) selected to establish the geological generalization model, and
¢ =acr tan Fs ) the corresponding monitoring points are selected. The stra-

where C, C' represent the cohesion of soil before and after
discounting; ¢, ¢’ represent the angle of internal friction of
soil before and after discounting; and Fg is the discounting
factor.

The yield criterion is chosen from the Mohr-Coulomb
strength theory, and the expression is

7=C+o0 tan ¢, (2)

where ¢ and 7 are the positive and tangential stresses on the
slip plane, respectively. The Mohr-Coulomb strength con-
dition shows that when a point in the material slips (shears)
in a certain plane, the tangential stress 7 acting on the plane
needs to overcome the frictional force formed due to the
positive stress ¢ acting on the surface in addition to the
cohesive force ¢ inherent in the material.

2.2.2. Convergence Criterion and Assumptions. The strength
reduction method is an iterative calculation process to find
the slope stability coefficient; therefore, it is necessary to
choose the appropriate convergence criteria to determine
whether the calculation converges. Midas/GTS software
was selected for this simulation, and the software con-
vergence criterion uses displacement, internal force, and
energy as the standard convergence conditions. The in-
ternal force convergence was chosen with a convergence
accuracy of 0.001.

tigraphy is divided into four layers: D shale sandstone; @ dark
green hornblende sodium lava; ® garnet green mud horn-
blende schist; and @ gray-green hornblende sodium lava. The
monitoring points were selected as follows (Figure 2).

Using Midas/GTS software, a 1:1 2D numerical model
with the actual open pit slope is established and the model is
meshed. To make the simulation results more accurate, the
following approaches to modeling are available. The foot of the
modeled slope is 1.5 times the slope height from the side
boundary of the model, the top of the slope to the side
boundary of the model is 2.5 times the slope height, and the
top and bottom boundaries of the model are 2 times the slope
height. The final numerical analysis model is established with
the length of 1080 m in X-axis direction and 540 m in Y-axis
direction, the model boundary is constrained by displacement,
all nodes at the bottom of the model are constrained by X and
Y directions, and the left and right sides of the model are
constrained by X direction. The model slope is free boundary.
It is assumed that no nodal fractures are considered. There are
4493 grid cell nodes and 4356 cells in the model. The nu-
merical model and grid division are shown in Figure 3.

3. Analysis and Discussion of the Results

3.1. Analysis of Numerical Simulation Results. The slope type
of Dahongshan open pit mine is grade II. The safety factor of
the slope under self weight load is not less than 1.15, and the
safety factor of the slope under rainfall is not less than 1.13.
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FIGURE 2: Geological generalization and monitoring point arrangement.
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FiGgure 3: Grid division.

3.1.1. Natural Conditions. Only under the gravity load, the
calculated slope safety factor is 1.50, which is greater than
the standard requirement of 1.15, and the slope is in a
stable state under the natural working condition. The
maximum displacement in the X direction occurs at the
upper slope of the open pit slope 910 platform (Figure 4),
and the maximum displacement value is 0.062 m. There is
no obvious shear stress concentration zone on the slope in
the natural state, and the plastic zone can be seen from the
garnet green mud hornblende schist layer to the gray-
green hornblende metamorphic rock lava layer by the
plastic deformation diagram (Figure 5), and the plastic
zone has the tendency of local penetration. The plastic
deformation is mainly concentrated at the slope corner of
platform 910, the plastic zone is mainly concentrated near
platform 910 and platform 890, and other plastic zones are
distributed before platforms 970 to 1030. From the figure,
it can be seen that there is no possibility of overall
landslide of the slope but only the possibility of local
landslide, and the location of local landslide is from
platform 1030 to platform 895.

3.1.2. Rainfall Conditions. According to the weather and
hydrological data of the study area, we simulated the in-
filtration of rainfall on the slope under the rainy season
conditions. Based on the average monthly rainfall of the
Dahongshan open pit in the past years and the statistics of
the monthly rainfall days in the Dahongshan area in the past
20 years, we chose to simulate continuous rainfall with a
rainfall of 200 mm/d and a duration of 2 days.

From the results, the safety factor of the slope under
the rainfall condition is 1.21, which is higher than the
requirement of the code, and the slope is in a stable
condition. The maximum value of the displacement in X
direction appears at platform 910 (Figure 6), and its
maximum value is 0.074 m. By observing the distribution
of the plastic zone (Figure 7), it can be seen that the
rainfall has a significant influence on the stability of the
slope. Compared with the natural condition, the range of
plastic zone of the slope increases under the rainfall
condition. The plastic zone extends from platform 1030 to
the upper part of the overall slope. The plastic deformation
zone extends from the garnet green mud hornblende
schist layer to the dark green hornblende meta-sodic lava
and has a tendency to increase upward. It is also obvious
that the plastic zone is developing rapidly at the 910 foot
platform, and the rainfall has a significant impact on the
910 and 895 platforms.

3.2. Analysis of InSAR Monitoring Results

3.2.1. Feasibility Analysis of InSAR Monitoring Results.
According to the numerical simulation results, four moni-
toring points 6, 7, 8, and 9 were selected at the locations with
greater influence on the slope, and the elevation values of the
selected points from January 1, 2019, to March 31, 2019, were
recorded using a total station with conventional monitoring
means (Table 2), and the elevation value on January 1, 2019,
was taken as the cumulative reference starting time for
settlement, and the recording period was once a month. The
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FIGURE 4: X-direction displacement diagram under natural working condition.
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FIGURE 6: X-direction displacement diagram under rainfall conditions.

feasibility of InSAR monitoring was determined by pro- From the results of the four monitoring points in the
ducing a graph of the amount of change in elevation at the =~ graph comparing the amount of settlement variation
four points compared to the amount of change in surface = monitored by the total station and InSAR (Figure 8), the
settlement values monitored by InSAR. surface settlement values derived from InSAR monitoring



6 Scientific Programming
PLANE STRAIN STRAIN
EfEFFECI"l(“)IO%]SOPng;FIC, None
L e—
07,9 16667004
0.6 548.333335-004
100%47.50000€-004
14%-1-6.666676—004
[ r5:83333¢-004
0 £+5:00000e-004
gk
+3.. e
4'4?+2.500008—004
o4 A:)+l 66667e-004
15:3%3 33333¢-005
61‘9400.000008+000
F1GURE 7: Distribution of plastic zone of side slope under rainfall conditions.
TasLE 2: Total station monitoring data record.
Monitoring January 4, 2019, elevation January 31, 2019, elevation February 28, 2019, elevation March 31, 2019, elevation
point value (m) value (m) value (m) value (m)
Monitoring 971.8791 971.8785 971.8781 971.8775
point 6
Monitoring 942.2641 9422634 942.2632 942.2626
point 7
Monitori
onitoring 911.8373 911.8367 911.8365 911.8355
point 8
Monitoring 894.8471 894.8464 894.8463 894.8457
point 9

are generally higher compared to the monitoring data from the
total station, but the difference in their variation values is not
significant. The largest difference in the amount of settlement
change between the two monitoring methods occurs at
monitoring point 8 during the time period from January 4 to
January 31, 2019, with a difference of 0.4 mm. The difference
value between the points during the rest of the time periods
does not exceed 3 mm, and even the settlement values derived
from the two monitoring methods at monitoring point 6
during the change time period from February 1, 2019, to
February 28, 2019, are in complete agreement. From the data, it
can be seen that InSAR monitoring can achieve the effect of
conventional monitoring on surface deformation monitoring.

3.2.2. Slope Stability Based on InSAR Monitoring. On-site
monitoring data within the study area were obtained
through InSAR monitoring from 4 January 2019 until 30
December 2019, with a monitoring data acquisition period
of 12 days/time and a total of 29 sets of valid monitoring data
obtained during the time period. The 29 sets of data were
used to produce a monitoring settlement colour chart, from
which the settlement of the 2019 open pit slopes can be seen
(Figure 9). It can be seen from the settlement colour chart
that monitoring points 6, 7, 8, and 9 had greater settlement
compared to the other monitoring points over the course of
the year 2019, with the settlement areas mainly located on
the quarry slopes from platform 895 to platform 1030. The
settlement of the upper part of the slope is insignificant with

the accumulated settlement values at monitoring points 1, 2,
3, 4, and 5 all remaining within 10 mm. The numerical
modeling of the open pit slopes is consistent with the field
monitoring results as can be seen from the monitored
settlement colour chart and the numerical simulation results
in the previous section. Its settlement position remains
consistent, with significant settlement in the lower half of the
overall slope (platforms 895-1030), and the lower half of the
open pit slopes is high-risk area for landslide hazards.

3.2.3. Comparison between Monitored Settlement and Nu-
merical Simulation Settlement. Using the result extraction
option in the Midas software, the points in the numerical
simulation model were extracted to correspond to the
monitoring points selected on-site, and the settlement values
derived from the actual monitoring were compared with
those from the numerical simulation (Figure 10). Differences
were found between the simulated data and the actual
monitoring data in terms of settlement values. Settlement
values from numerical simulations are generally high
compared to monitoring values. The numerical simulation
of slope stability analysis uses the strength reduction
method, which constantly reduces the angle of internal
friction and cohesion, so that the settlement values obtained
are somewhat different from the actual settlement, and the
numerical simulation process is too idealized without
considering the influence of other factors such as joints and
faults.
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Figure 8: Comparison graph between total station and InSAR to monitor the amount of settlement change. (a) Monitoring point 6’s
sedimentation change. (b) Monitoring point 7’s sedimentation change. (c) Monitoring point 8’s sedimentation change. (d) Monitoring

point 9’s sedimentation change.

3.2.4. Relationship between Slope Deformation and Rainfall.
In order to study the relationship between rainfall and slope
deformation, open-air slope displacement data were collected
by InSAR monitoring, and rainfall data were collected at the
same time. Time-series analysis plots were made for moni-
toring points 6, 7, 8, and 9, and the results of the deformation
time series with January 4, 2019, as the reference start time of
surface deformation were accumulated. The cumulative set-
tlement values of the open pit slopes obtained from the actual
monitoring throughout 2019 were compared with the annual
rainfall intensity of Dahongshan (Figure 11).

From the results, it can be seen that the initial slope
cumulative settlement is at 5mm, and the graph shows
that from January 2019 to May 2019, the rainfall intensity
always remains at the light rainfall level (rainfall < 10 mm/
d), and the rainfall in the Dahongshan area is light or no
rainfall for the whole time period during this period, and
the slope cumulative settlement increases from 5mm to
8 mm. The cumulative sedimentation is more stable,
showing an increasing trend but with smaller growth
values. The slope is in a stable state under light and no
rainfall conditions. Rainfall of medium intensity (10 mm/
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d <rainfall <25 mm/d) occurred at the end of May, but the
rainfall intensity was too low to cause significant slope
subsidence. The study area entered the rainy season
starting in June 2019. Rainfall increased abruptly
throughout June, with heavy rainfall (100 mm/
d <rainfall <250 mm/d) at the beginning of June, reaching
arainfall intensity of 200 mm/d. At this time, the slope was
affected by rainfall and the accumulated settlement value
changed irregularly, and the accumulated settlement value
increased abruptly compared with the previous settlement
trend. It increased from 8 mm to about 12 mm with an
appreciation of 4 mm, and its cumulative slope settlement
value in one month exceeded the cumulative settlement
value in the previous 5 months. In the middle of June, the
rainfall gradually decreased and the influence of weaker
rainfall intensity on slope settlement weakened, and the

amount of slope settlement reverted to a stable state. Later
in July, heavy rainfall also occurred in August, and its
effect pattern on slope settlement was consistent with that
of June. After the end of the rainy season, the accumulated
slope settlement in the study area is in a stable state again,
showing a trend of gradual increase without sudden in-
crease in settlement value. From the overall data, thereisa
high correlation between slope deformation and rainfall.

In general, rainfall has a large impact on the stability of
slopes, but the slopes in this study area remain. The mon-
itoring frequency of the slope in the rainy season should be
strengthened in the future slope monitoring work. This
paper analyzes the stability of the slope of the Dahongshan
iron ore open pit based on Midas/GTS numerical simulation
software combined with InSAR satellite monitoring and
draws the following conclusions.
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4. Conclusion

Fusion technology of InSAR monitoring and Midas/GTS
were used to analyze the slope stability of Dahongshan iron
ore open pit, and the following conclusions were obtained.

(1) By using Midas/GTS numerical simulation and
InSAR monitoring, the settlement deformation
areas derived from both remain consistent, and the
location of the larger settlement deformation rel-
ative to the entire study area is at platforms 895 to
1030 of the slope, and the stratum in this section of
the platform is gray-green hornblende sodic lava,
whose rock mechanical properties are relatively
low, so the settlement at the foot of the slope is
larger.

(2) Observing the cumulative value of surface settlement
and the change of rainfall intensity in the study area
by InSAR monitoring for a whole year, the cumu-
lative value of slope settlement was not greatly af-
fected when the rainfall intensity was moderate or
below, and the value of settlement increased slowly
with time. When heavy rainfall occurs, the cumu-
lative value of settlement increases abruptly with
time. The cumulative settlement value of the slope
only changes 3 mm in 5 months during the nonrainy
season and reaches 4mm in 1 month during the
rainy season. From the results of the study, there is a
high correlation between heavy rainfall and the
settlement of the slope.

(3) The safety coefficients of the open pit slopes derived
from the numerical simulations all meet the speci-
fication requirements, and there is no obvious area of
large deformation on the open pit slopes on the
surface of InSAR monitoring data, and the annual
accumulated settlement is 18.4 mm. From the results,
it can be seen that the analysis of the stability of the
open pit slopes can be achieved by using numerical
simulations combined with InSAR monitoring.
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