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China has over 1500 open-pit mines and 5000 dumps consisting of waste rock from the mining process. Due to dump instability in
an open-pit mine and its diverse foundations, landslides and mudslides frequently occur. Heaped loose waste rock and
concentrated heavy rainfalls are the two important factors affecting slope stability of a dump. Using the high Dump II within
the Nanfen Open-Pit Iron Mine with a slope height of 300m as a case study, this paper first proposes a physical model
similarity ratio according to the on-site engineering geological survey data. The governing principles of deformation in the
shallow dump layers in terms of different heaped loads and rainfall were then determined using fiber optic sensing to conduct
an experimental study on the monitoring of the dump stability with an indoor physical model. Experimental results confirm
that the amount of rainfall and heaped load has a great impact on the landslide in a dump. With an increase in the amount of
material heaped onto the pile, the place between two heaped load points is squeezed and slowly deformed. As rainfall begins, the
deformation of the rock-soil mass is significant, and constantly increasing rainfall intensity is accompanied by a dangerous
sliding surface. Finally, the FLAC3D method was used to simulate the deformation features in the shallow part of Dump II
under different heaped load conditions and verify the experimental results of the indoor physical model. By comparing the
physical model experiments and numerical simulation results, we propose monitoring the stability of Dump II using this fiber
optic sensing technology and provide the scientific basis for stability monitoring of similar dumps to detect the early warning
signs of mudslides or landslides.

1. Introduction

Open-pit mines are prolific throughout China, generating
enormous amounts of stripped, exploited, and discarded
rocks. Stripped rock-soil mass materials are stacked in a ded-
icated place, which is called the dump [1]. Typically, 30% to
50% of the total land used by open-pit mines is occupied by
dumps, so constant improvement of the dumping capacity
and safety is important to improve productivity of the mine.
Landslides and mudslides constantly occur and significantly
affect the safety of dumping operations. As the mining pro-
cess continues to advance, safety production operations in
open-pit mines will always be affected by the slope stability
of quarries and dumps [2]. Research on the slope stability

of dumps is of important significance for the safety and
economic benefits of mines [3].

A dump is a special engineered rock-soil mass consisting
of discarded mixed soil and rock from quarries and created
through stacking the materials. The spatial distribution of
the dump, slope of the surface, height of slope sediments,
strength of mixed materials, depth of slope water, and other
factors all affect the stability of the dump slope [4–11]. The
main disaster that affects dumps is landslides, and the key
for preventing landslides is to control the slope stability of
the dump. The main factors affecting dump slope stability
are mechanical strength of loose rock-soil in the dump
(friction strength parameter c and φ) and characteristic
parameters of drainage and seepage of granular particles,
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topography, base lithology, discharge of surface water,
groundwater flow, form of the dump slope, process and
parameters of dump stacking, and shock caused by construc-
tion and earthquakes. In general, these factors can be divided
into four categories: external force, physical and mechanical
properties of the base, physical and mechanical properties
of dumping materials, and the impact caused by water. Disas-
ters affecting dumps can be effectively prevented if influence
from these four aspects can be well controlled.

Compared to rock slope problems, research on the stabil-
ity of dumps started just recently in the 1980s with the devel-
opment of open-pit mine dump engineering, including
methods and theoretical technology for ensuring slope stabil-
ity. Research on dumps has determined the granular struc-
ture, landslide mechanisms, and other aspects based on
features and methods of slope stability research, thus forming
a complete basis for research on and analysis methods for
dump stability.

Dump stability has been extensively analyzed [12–18].
Combined with geological features of the dump, the effects
of blasting shock caused by mine production on the slope
stability of the dump have been determined [19]. Field
measurement units and a recording system were constructed
and installed in a waste-dump slope at the Imgi mine to
analyze the variation of conditions in unsaturated soil [20].
To investigate the effects of vegetation on runoff and erosion,
a field experiment involving eight erosion plots was con-
ducted on a dump at the Antaibao opencast coal mine in
Shanxi Province [21]. In order to estimate the failure mode
of sliding, numerical simulations on the failure mechanics
of dumps were performed using FLAC3D, and a physical
model test on the failure processes of dumps was performed
using a floor friction model [22]. In order to maintain long-
term protection of the environment, one study explored the
possibilities of using local species for the mechanical stability
of the waste dump in a surface iron ore mine [23]. For waste-
dump slopes that form basements, landslides can be pre-
vented by determining the stability evolution principles of
dynamic development, and the relationship between the
mechanical structure and stability of waste dumps with
basements has previously been studied [24].

As the amount of deformation of the dump slope is much
larger than that of an ordinary rock slope, it is difficult for
conventional slope stability monitoring techniques and
methods to be effectively applied to dump slope monitoring

[25, 26]. In terms of dump slope stability monitoring tech-
niques and methods, surface cracks, collapses, land subsi-
dence, and other anomalies are observed in the early period
before the actual landslide through manual inspection. After
the first observed surface anomalies, new methods, such as
theodolite for surface displacement monitoring, total station,
levels, and GPS monitoring, can be used. However, these
methods are based on point monitoring, which cannot
achieve long-distance and large-area monitoring, and have
blind zones. Although the reliability can be improved by
increasing monitoring points, monitoring costs will also
greatly increase, and the increase in monitoring points will
affect the integrity and structural safety of monitored
rock-soil mass. Also, dumping of the material is a dynamic
working process, and surface displacement will constantly
change throughout, whichwill lead to frequent early warnings
and cannot accurately provide an early warning of landslides
or mudslides.

To address some of these issues, this paper uses Dump II
located in the Nanfen Open-Pit Iron Mine in Northeast
China as a case study. Fiber optic sensing technology was
adopted to perform comparative analysis on the evolution
features of dumps under different working conditions.
Through the combination of the fiber optic monitoring of
indoor physical model experiments and numerical simula-
tions of the stability of the dump, a theoretical and practical
foundation is laid for fiber optic monitoring solutions of a
mine dump.

2. Regional Geological Survey of Dump II

2.1. Topography.TheNanfenOpen-Pit IronMine is located in
Benxi City, Liaoning Province, of Northeast China [27]. The
Eastern boundary spans longitude 123°50′, and the northern
boundary traverses latitude 41°07′. The mine is a monocline
structure mainly composed of metamorphic rock strata,
alpine glaciation landforms forming the surface, with an
east-west strike (Figure 1). Gullies crisscross the landscape
with relatively less vegetation coverage and steep hilltop
slopes. The elevation of the general mountains near the mine
reaches 500m to 600m,with the highest peak at 963mand the
lowest at 296m, a relative height difference of 667m. In the
southwestern area of the mine, the relative height is 300m to
400m with surface vegetation currently being developed.

North hill Footwall

Silica hill Hanging wall

Huangbaiyu
river

Figure 1: Location and satellite maps of the Nanfen Open-Pit Iron Mine.
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The five original historical dumps have been combined
into the three current dumps in the southwest, southeast,
and northeast of the quarry, namely, Dumps II, IV, and V.
The current Dump II, created by the merger of the original
Dumps II and III, is located in the hanging side southwest
of the quarry, which mainly uses an autocrushing-belt
conveyor-dumping machine combined with the transporta-
tion and dump process to discard waste rock in the hanging
side through an east-to-west “U”-shaped valley consisting
of the Dadonggou and Fengjiadonggou gullies (Figure 2).
Overall, the bottom of the Dadonggou and Fengjiadonggou
gullies is high in the east and low in the west, and the eleva-
tion of the current valley below the slope foot of the dump
changes from 330m to 420m.

2.2. Strata Lithology and Strength Parameters of Accumulation.
The main lithology of Dump II within the Dadonggou and
Fengjiadonggou gullies consists of the Archean Anshan
Group, Proterozoic Liaohe Group, Cambrian and Sinian
strata, and Cenozoic Quaternary strata. Specifically, the strata
consist of egg-green marl of the Nanfen Formation in the
Sinian system, gray fine quartz sandstone from the Qiaotou
Formation in the Sinian system, flint limestone of the
Jianchang Formation in the Cambrian system, dark-purple
mica shale of the Maozhuang Formation in the Cambrian

system, crystal limestone of the Zhangxia Formation in the
Cambrian system, and green-purple sandy shale of Xuzhuang
Formation in the Cambrian system. Among them, the basic
section of the internal foundation of the dump ismainlymade
of marl, and a few quartz sandstones appear in the southeast
corner of the dump. The upper part of the dump is covered
with a Quaternary slope diluvium layer varying in thickness
from 0.0m to 6.0m. The bearing capacity of the bed rock is
mainly affected by the compressive strength of the bed rock
and is related to the development of jointed fissures.

Based on the Code for Investigation of Geotechnical
Engineering of China (GB50021-2001) and Specification of
Soil Test of China (SL237-99), a large number of in situ direct
shear field tests, indoor triaxial tests, indoor direct shear tests,
and on-site push shear tests on Dump II in the Nanfen Open-
Pit Iron Mine were performed in April 2014 by the Institute
of Rock and Soil Mechanics, Chinese Academy of Sciences.
According to the particle size distribution law of various
granular waste rock measured at the site, the sample was
made in the laboratory. The indoor triaxial compression test
and the direct shear test of the granular waste rock were car-
ried out according to the bulk gradation scheme and the
stress state, the physical and mechanical parameters of the
bulk material in Dump II are comprehensively obtained,
and their results are shown in Tables 1 and 2.

Table 1: Strength parameters of Dump II.

Lithology
Parameter

State Density (kg·m−3) Cohesion (C/kPa) Internal friction angle (°)

Flint limestone Natural 2650 670.0 40.0

Green-purple sandy shale Natural 2600 620.0 32.0

Dark-purple mica shale Natural 2580 490.0 27.8

Gray fine quartz sandstone Natural 2680 760.0 40.2

Crystalline limestone Natural 2650 670.0 40.0

Egg-green marl Natural 2580 490.0 27.8

Quaternary residual slope deposit
Natural 1800 8.0 30.0

Saturated 1920 10.0 28.0

Dumping materials (slag discharged
from the hanging side of the mine)

Natural 2100 20.0 35.0

Saturated 2250 45.0 30.0

Upper dumping materials (slag discharged
from the heading side of the mine)

Natural 2100 40.0 33.0

Saturated 2250 45.0 30.0

Middle dumping materials (slag discharged
from the heading side of the mine)

Natural 2100 25.0 34.0

Saturated 2250 50.0 31.0

Lower dumping materials (slag discharged
from the heading side of the mine)

Natural 2100 10.0 35.0

Saturated 2250 20.0 32.0

Debris accumulation
Natural 2100 80.0 20.0

Saturated 2250 100.0 18.0

Table 2: Key deformation parameters of granular waste rock.

Lithology
Parameter

Initial void ratio (n) n Compression modulus (MPa) Poisson’s ratio

Upper dumping materials of the dump 0.6 37.4% 26.05 0.37

Middle dumping materials of the dump 0.57 36.4% 26.4 0.35
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2.3. Hydrogeological Features. The mine is located at midlat-
itude within a monsoon and continental climate. The precip-
itation in the flood season accounts for about 70% in the
entire year, of which the precipitation in July and August
accounts for about 50% of the annual precipitation with a rel-
atively high temperature difference all year round (Table 3).
The Miao’ergou River to the north and Huangbaiyu River
to the south cross the area from east to west and are parallel
to Zones 1 (Dadonggou; east) and 2 (Fengjiadonggou; west)
of Dump II and located outside the region. There are no
rivers feeding into the dump site. Water in the region is not
currently under development.

Dump II is classified as a gully dump, and atmospheric
precipitation is a major source of surface water and ground-
water, with strong seasonal variations (April–August).
Currently, the dump, in Zone 1 (Dadonggou), has a con-
vergence area of 86× 104m2 with a circumference of
3.7 km; in Zone 2 (Fengjiadonggou), the convergence area
is 97.5× 104m2 with a circumference of 3.98 km. According
to the survey carried out by the Institute of Rock and Soil
Mechanics, Chinese Academy of Sciences, the extent of the
water distribution on the platform surface area of Dump II
in the Nanfen Open-Pit Iron Mine is mainly from atmo-
spheric precipitation. In addition, there is a layer of phreatic
groundwater, and there is a layer of bed rock fissure water
within the site. The groundwater burial depth is about 12.0
to 15.0m.

The waste rock in the dumping site is mainly composed
of gravel, block stone, sand, and clay. The permeability coef-
ficient is difficult to measure in an indoor test and is generally
determined according to field testing. According to the site
conditions, the test method for the permeability coefficient
of the dumping site was performed using the preburied steel
pipe method. According to local rainfall conditions, the
on-site single-ring water injection tests were completed

in the investigation area of Zone 1 (Dadonggou) and Zone 2
(Fengjiadonggou), according to the requirements of the
Water Injection Test Procedure (YS5014-2000). The perme-
ability coefficient of each zone can be calculated as

Zone 1 K1 = 1 92 ∗ 10−2 cm/s,

Zone 2 K2 = 1 65 ∗ 10−2 cm/s
1

3. Fiber Optic Monitoring Indoor Physical
Model Experiment of Dump II

Currently, real-time monitoring and early warnings of
landslides and mudslides in the dump are enormous prob-
lems. In terms of the regional geological survey of Dump II
of the open-pit mine, it is urgent to adopt new technologies
and new methods to monitor the deformation of Dump II
in order to maintain a safe work environment and continue
to develop the iron belt at this location. Based on the princi-
ple of distributed optical fiber monitoring and the occurrence
mechanism of mudslide in the dump, the experimental study
on Dump II with the fiber optic monitoring indoor physical
model was performed.

3.1. Working Principle of the Distributed Optical Fiber
Monitoring System. The basic measurement principle of the
Brillouin optical fiber time domain analysis (BOTDA) is
shown in Figure 3. BOTDA uses the Brillouin frequency shift
caused by the Brillouin scattering light through stimulation.
The shift is caused by changes in axial temperature and strain
of optical fibers. Lasers need to be placed at both sides of the
optical fiber, and continuous and pulsed light are injected
into the optical fiber to create loop monitoring [28–33].
BOTDA demodulation equipment used in the indoor physi-
cal model experiment was the NBX-6050A fiber optic strain
demodulator produced by Neubrex (Japan). This instrument
can obtain a relatively strong signal from a highly scattered
source, and its spatial resolution can reach up to 5 cm with
an accuracy 7με (0.3°C) with a monitoring distance of up
to 20 km. The instrument was set up to continuously collect
data for real-time monitoring.

3.2. Indoor Physical Model Test

3.2.1. Similarity Ratio Determination

(1) Model and Particle Size Determination. This experiment
used Dump II within the Nanfen Open-Pit Iron Mine as
the example with the physical simulation method. The

Table 3: Statistics of precipitation in the Benxi area.

Indicator Precipitation (mm) Indicator Precipitation (mm)

Average annual precipitation 848–856 Annual maximum precipitation 1212.7

Monthly maximum precipitation 487 Annual minimum precipitation 518.5

Daily maximum precipitation 83 Average annual evaporation 1628.4

Annual maximum evaporation 1843.4 Annual minimum evaporation 1374.1

Stope

Dump II
Fengjia
donggou

Dadonggou

Huangbaiyu River

N

Figure 2: Mining area diagram.
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simulated similarity ratio was calculated according to the
following formula:

Actual height of the dump slopeH1
Themaximumparticle sizeD1 of the dump

=
Simulated slope heightH2

Themaximumparticle sizeD2 of thematerial used by themodel
2

The following parameters were determined by summa-
rizing and analyzing the current materials of Dump II:

(i) H1 = 250m (Fengjiadonggou), D1 = 1000mm, and
H2 = 1m; the largest volume of Dump II:
3800× 104m3

(ii) According to local rainfall statistics, annual precipi-
tation is typically 847mm, the maximum annual pre-
cipitation is typically 1212mm, and the minimum
annual precipitation is typically 518mm; the maxi-
mum flow of the basin in the rainy season is typically
110.5 L/S

In summary, D2 can be obtained from formula (2):

D2 =
H2 ×D1

H1
= 4mm 3

Therefore, the similarity ratio of the indoor physical
model was set to 1 : 250, and the maximum particle size
of the material used in the simulation was 4mm. Accord-
ing to the principle of similarity ratio, the content of each
grade of on-site sieved dispersion (Table 4), and the sim-
ilarity ratio, indoor experiment materials were matched to
meet outdoor conditions of the dump, as shown in
Table 5.

(2) Determining Daily Maximum Precipitation. According
to local rainfall statistics acquired by the local meteorolog-
ical center, the daily maximum precipitation of the local
area was set to 83mm, the rainfall area s of the experi-
mental model was 4m2, and the hourly precipitation v
was 60 L, and according to the experimental requirements,
the rainfall time t needed to be calculated when the indoor

Pump laser
Incident laser

Backscattered laser

Abnormal place of temperature or strain

Laser Continuous laser

Test spectrumOriginal
spectrum

Spectrum analysis

SB
S 

en
er

gy

Frequency

Brillouin frequency shift (∆V)

Figure 3: Basic principle diagram of BOTDA.

Table 4: Content of each grade of dispersion in the dump (Fengjiadonggou).

Particle group collectively Particle group classification Particle size range (d/mm) Content (%)

Giant particle group
Boulder (rock) d > 200 5.50

Pebble (gravel) 200> d > 60 17.72

Coarse grain group Gravel (breccia)

Coarse gravel 60> d > 20 27.15

Medium gravel 20> d > 5 27.55

Fine gravel 5> d > 2 10.91

Fine grain group
Grit, powder 2> d > 0.005 10.38

Clay particle 0.005> d 0.80
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test reached the maximum daily precipitation was calcu-
lated as follows:

t =
ps
v
, 4

where t is the rainfall time/h, p is the daily maximum pre-
cipitation of 83mm, s is the precipitation area of 4m2, and
v is the hourly precipitation of 60 L.

The time needed to reach the maximum daily precipita-
tion was calculated to be 5.5 h. During the experiment,
according to local rainfall conditions, rainfall occurred for
5.5 h for the first day, 5.5 h for the second day, and 5.5 h
for the third day. The amount of strain endured by a single
fiber optic due to rainfall was then compared across these
three days.

3.2.2. Physical Model Construction. According to the similar-
ity principle of the indoor physical model experiment com-
pared to outdoor conditions, this experiment design was
based on the physical similarity simulation. According to
the similarity ratio of 1 : 250, the experimental model was
set up to be 2m ∗ 2m ∗ 1m with the slope top of 2m ∗ 0 5
m and the slope angle of 34°. Filling of experimental materials
was executed in strict accordance with Table 5.

The main goal of this experiment was to simulate the
analysis of deformation of rock-soil mass in different direc-
tions during dump heaped load and rainfall in the dump of
the open-pit mine. Therefore, the laying of optical fibers
becomes increasingly more important during the experi-
ment. The three-dimensional schematic diagram of the lay-
ing of optical fibers is in Figure 4 (X direction is the slope’s
inclination direction, Y direction is the slope direction, and
Z direction is the slope settlement direction). There were
two layers in the X direction with six sensing optical fibers
in each layer. Upper layers (Layer X1) were numbered as
X11, X12, X13, X14, X15, and X16 with the linear length
of the monitoring optical fiber of 67 cm, and lower layers
(Layer X2) were numbered as X21, X22, X23, X24, X25,
and X26 with the linear length of the monitoring optical
fiber of 108 cm. There were two layers in the Y direction
with two sensing optical fibers in each layer. Upper layers
were numbered as Y11 and Y12, and lower layers were num-
bered as Y21 and Y22 with the linear length of the monitor-
ing optical fiber of 200 cm. Four sensing optical fibers were
arranged in the Z direction and were numbered as Z1, Z2,

Z3, and Z4 with the linear length of the monitoring optical
fiber of 170 cm.

The spacing of each sensing optical fiber is shown in
Figure 5. The spacing between optical fibers at the same level
in the X layer was 360mm, and the spacing between the opti-
cal fibers near the model boundary and the model boundary
was 10mm. The vertical distance between optical fibers in the
X1 layer and the X2 layer was 220mm. The horizontal dis-
tance between the Y11, Y12, and Y21 layers and the Y22 layer
was 110mm. The vertical distance between the Y1 layer and
the Y2 layer was 220mm. Z1 and Z2 were located 670mm
from the bottom of the slope and located at the point of tri-
section of the model in the Y direction. Z3 and Z4 and Z1
and Z2 were symmetrically distributed, and the horizontal
distance between two sets of optical fibers was 426mm.
Parameters of the optical fiber strain analyzer are shown in
Table 6.

Among many factors affecting the stability of the dump
in the open-pit mine, heaped load and rainfall are the two
most important factors. This experiment was divided into
two sections to simulate the impact of different heaped loads
and rainfall amounts on the deformation of the slope. Dump-
ing in Dump II of Nanfen Open-Pit Iron Mine is divided into
two ways—autodumping and dumping with a crawler-type
rock-dumping machine. The heaped load process during
the model experiment was mainly divided into two subsec-
tions according to the dumping features of the dump. The
first subsection of the heaped load process mainly simu-
lated the impact of autodumping on the deformation of
the slope, and two passageways of rock dumping were set
up at the point of trisection at the top of the slope to loads
20 kg, 50 kg, and 70 kg. When the rock-soil mass stabilized,
the amount of deformation of each sensing optical fiber
was calculated.

The second subsection of the heaped load process simu-
lated the impact of dumping by the crawler-type rock-
dumping machine on the deformation of the slope, and four
passageways of rock dumping were set up at the point of
quinquesection at the top of the slope to calculate the amount
of deformation of each sensing optical fiber under the condi-
tions of 100 kg and 140 kg. The impact of different rainfall
conditions on the slope deformation was simulated when
the heaped load stabilized. The rainfall time required to reach
the local daily maximum precipitation was calculated as 5.5 h
(Formula 4) according to hydrogeological conditions in the
Nanfen Open-Pit Iron Mine. This experiment used 5.5 h of
rainfall for three consecutive days and compared and ana-
lyzed the amount of deformation of each sensing optical fiber
so as to obtain the impact of different amounts of rainfall on
the slope deformation of the dump.

According to the schematic diagramof the indoor physical
model test, a 2m ∗ 2m ∗ 1m single-stage dump experimental
modelwas created on-site and reinforced by variousmaterials.
The layout line of the fiber optics was designed according to
the model size and characteristics of the optical fibers. As the
experiment mainly performed deformation of the dump
under different loading and rainfall conditions through fiber
optic monitoring, the optical fibers were arranged horizon-
tally, longitudinally, and vertically to compare and capture

Table 5: Content of each grade of the indoor test.

S/N Particle size range (d/mm) Sieved quality (g) Content (%)

1 d > 2 98 6.7

2 2> d > 1 238 16.46

3 1> d > 0.75 437 30.15

4 0.75> d > 0.5 379 26.18

5 0.5> d > 0.25 123 8.52

6 0.25> d > 0.075 163 11.26

7 0.075> d 10 0.73
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the location and size of deformation throughout the dump.
The location of each optical fiber was indicated in the model
in advance for the analysis of experimental data at a later
period. Performing indoor matching according to the calcu-
lated content of each grade in the indoor experiment, experi-
mental materials were blended according to set matching,
optical fibers and fillmaterial were laid layer by layer, and then
laid optical fibers were welded to form the distributed moni-
toring network, as shown in Figure 6.

3.2.3. Analysis of Fiber Optic Strain under Different Loading
Conditions. To survey the deformation of each optical fiber
under loading conditions of 20 kg, 50 kg, 70 kg, 100 kg, and

140 kg, the amount of deformation of optical fibers was first
surveyed before surcharging to obtain a background load.
Then, each load of 20 kg, 50 kg, and 70 kg was individually
and in sequence applied at the point of trisection at the edge
of the slope top of the dump model, and the deformation of
optical fibers was surveyed when the surcharge stabilized.
Next, a load of 100 kg and 140 kg was applied at the point
of quinquesection of the dump, and the deformation of each
optical fiber was surveyed when the surcharge stabilized. The
experimental process is shown in Figure 7. As the rock-soil
mass materials were homogeneous, the symmetrical nature
of the system indicates that the strain of the X11 optical fiber
would be the same as the X16 optical fiber, the strain of the

X21

X22

X23

X24

X25

X26
Y22 Y21 Z3

Z2

Z4

Z1

X26
X25

X24

X22
X23

X21

Z2

Z1

A’

2000 mm

2000 mm

(a) (b)

1000 mm
A

Y22

Y21

Y12
Y11

Z3
Z4500 mm

X11
X12X13

X14
X15

X16

Figure 4: Three-dimensional plan for the laying of sensing optical fibers. (a) Three-dimensional schematic diagram. (b) A-A’ cross-section
drawing.

500 mm

360 mm

670 mm

2000 mm

2000 mm
426 mm

1000 mm

220 mm

360 mm

Figure 5: Three-dimensional plan of the distribution spacing of optical fibers.

Table 6: Parameter settings of the optical fiber strain analyzer.

Measurement range
(m)

Sampling interval
(m)

Pulse width
(ns)

Average
time

Starting frequency
(GHz)

Scan interval
(MHz)

Stop frequency
(GHz)

100 0.05 10 2^16 10.700 5 12.195
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X12 optical fiber would be the same as the X15 optical fiber,
the strain of the X13 optical fiber would be the same as the
X14 optical fiber, the strain of the X17 optical fiber would
be the same as the X22 optical fiber, the strain of the X18
optical fiber would be the same as the X21optical fiber, the
strain of the X19 optical fiber would be the same as the X20
optical fiber, the strain of the Z1 optical fiber would be the
same as the Z2 optical fiber, and the strain of the Z3 optical
fiber would be the same as the Z4 optical fiber. In actuality,
the measured strain trend was consistent with the theoretical
value, although differences did exist.

(1) Analysis of Optical Fiber Strain in the X Direction. Using
the applied loads and the optical fibers to measure deforma-
tion within the rock-soil mass, positive values of the two indi-
cate tension while negative values indicate pressure. Settings
of various parameters of BOTDA in the experiment are
shown in Table 6. Fiber optic data of each experiment was
synthesized: the measured value was subtracted from the ini-
tial value to obtain the corresponding strain value and corre-
sponding location data of each optical fiber to the fiber optic
sensing network was intercepted to draw the strain network
planning, which are shown in Figure 8.

With a constant increase in the load, the overall tensile
strain of the optical fibers also gradually increased, and the
amount of settlement and slippage in different locations of
the dump also correspondingly increased (Figure 8). Defor-
mation of optical fibers in the X1 layer was more obvious
(Figure 8(a)) and located just below the location of the

applied load. The strain in the center of the optical fibers
was more prominent, and the strain of the X12, X13, and
X14 optical fibers extended about 3000με from the sensor,
which was gradually reduced and tended to stabilize from
the maximum strain along the direction of laying of the opti-
cal fibers. Compared to Figure 8(b), the overall change in the
optical fibers in the X2 layer was quite obvious. Optical fiber
strain in different positions increased as load increased; how-
ever, as the distance of the position of the optical fibers in the
X2 layer from the slope top increased from the top relative to
the optical fibers in the X1 layer, they were less affected by the
load application position. Therefore, no obvious sudden
change in the strain occurred.

(2) Analysis of Optical Fiber Strain in the Y Direction. Loads
were applied at the points of trisection and quinquesection
near the slope edge at the top of the slope of the indoor
dump model. The loads applied at the trisection point were
20 kg, 50 kg, and 70 kg and 100 kg and 140 kg at the point
of quinquesection. Because the impact of the trisection load
on the optical fiber strain was quite different from that of the
quinquesection loading in the direction of Y, the strain of
optical fibers in the Y direction loaded at the point of trisec-
tion and the point of quinquesection is shown separately in
Figure 9.

Figure 9 shows that the strain of optical fibers synchro-
nously occurred with the deformation of the rock-soil mass
of the dump, and the uneven settlement of the rock-soil mass
occurred where the load was applied. When the optical fiber

X21 X22 X23 X24 X25 X26

Y21 Y22

Too large of deformation
leads to failure

(a)

Y12
Y11

X11

X12
X13

X14
X15 X16

(b)

Figure 6: Laying and welding of optical fibers. (a) Laying of optical fibers in the lower layer. (b) Laying of optical fibers in the upper layer.

a

25 kg 25 kg

b

c

35 kg 35 kg

d

35 kg

e

35 kg

f

Figure 7: Fiber optic strain experiment under different loading conditions.
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is in a state of tension, the strain is positive. As the rock-soil
mass in the entire dump can be regarded as a plastic body, the
rock-soil mass will be squeezed in between the two applied
loads. When the optical fiber is under pressure, the strain is
negative. By comparing Figures 9(a) and 9(b), when three-
level loads were applied to the dump, the maximum strains
of the Y11, Y12, Y21, and Y22 optical fibers were 2060με,
279με, 615με, and 229με, respectively. When two-level
loads were applied to the dump, the maximum strains of
the Y11, Y12, Y21 and Y22 optical fibers were 2223με,
409με, 689με, and 287με, respectively. Experimental results
show that a greater amount of deformation leads to the rock-
soil mass being closer to the load application position in dif-
ferent directions. As the distance increased, the load had less
influence on the deformation of the rock-soil mass.

(3) Optical Fiber Strain Analysis in the Z Direction. Z1, Z2,
Z3, and Z4 optical fibers were laid from the bottom to the
top of the slope vertically, where Z1 and Z2 were arranged
symmetrically in the Y direction at the point of trisection,
67 cm from the slope foot, and Z3 and Z4 were arranged sym-
metrically in the Y direction at the point of trisection, 134m
from the slope foot. After applying loads of 20 kg, 50 kg,
70 kg, 100 kg, and 140 kg to the model, the strain on the opti-
cal fibers was tested in the Z direction to further determine
settling of the dump more intuitively. Optical fiber strain in
the Z direction is shown in Figure 10.

As the heaped load increased, the tensile strain of the
optical fibers also correspondingly increased, indicating that
settling of the dump model gradually increased with the
increase in load. When the heaped load increased from

4000
X16

X15

X14

X13

X12

X11

3000

0
1000
2000

St
ra

in
 (�휇

�휀)

4000
3000

0
1000
2000

St
ra

in
 (�휇

�휀)

4000
3000

0
1000
2000

St
ra

in
 (�휇

�휀)

4000
3000

0
1000
2000

St
ra

in
 (�휇

�휀)

4000
3000

0
1000
2000

St
ra

in
(�휇
�휀)

4000
3000

0
1000
2000

St
ra

in
 (�휇

�휀)

0.00 0.1 0.2 0.3 0.4 0.5 0.6
Distance (m)

jz-20
jz-50
jz-70

jz-100
jz-140

(a)

X26

X25

X24

X23

X22

X21

4000
3000

0
1000
2000

St
ra

in
 (�휇

�휀)

4000
3000

0
1000
2000

St
ra

in
 (�휇

�휀)

4000
3000

0
1000
2000

St
ra

in
 (�휇

�휀)

4000
3000

0
1000
2000

St
ra

in
 (�휇

�휀)

4000
3000

0
1000
2000

St
ra

in
 (�휇

�휀)

4000
3000

0
1000
2000

St
ra

in
 (�휇

�휀)

0.00 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Distance (m)

jz-20
jz-50
jz-70

jz-100
jz-140

(b)

Figure 8: Strain diagram of optical fibers in the X direction under different loading conditions. (a, b) Strain diagram of upper and bottom
optical fibers, respectively, in the X direction under different loading conditions.
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20 kg to 70 kg, the relative strain increment of each optical
fiber in the Z direction was not very obvious. As the heaped
load continued to increase, the relative strain increment of

optical fibers gradually increased, and when the heaped load
reached 140 kg, the relative settlement increment of the
dump model reached its maximum value.
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Figure 9: Strain diagram of optical fibers in the Y direction under different loading conditions.
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3.2.4. Analysis of Fiber Optic Strain under Different Rainfall
Conditions. To determine the effects of rainfall on the stabil-
ity of a dump, it “rained” for 5, 10, and 15 hours with a rain-
fall device. The strain of each optical fiber under different
rainfall conditions was then determined. The experimental
process is shown in Figure 11.

(1) Analysis of Optical Fiber Strain in the X Direction
under Different Rainfall Conditions. Comparative analysis
was performed for the six optical fibers’ strains in layers X1
and X2 on days one through three (Figure 12).

The strain of the sensing optical fibers was greatest with
the rainfall on the first day, decreasing on the second day,
and was least on the third day. On the first day of rainfall, a
sudden change in the strain of each optical fiber occurred at
various positions throughout the model (Table 7). The over-
all strain trend and positions of sudden change of the X11
optical fiber was essentially consistent with that of the X16
optical fiber, along with X12 and X15 and X13 and X14. This
is consistent with the symmetrical arrangement of sensing
optical fibers in the experimental model.

It can be seen from six optical fibers in the X2 layer that
the sensing optical fiber strain shows the same variation
trend as that in the X1 layer. Also same as X1, X2 had a sud-
den change in strain at various positions throughout the
model with the first day of rainfall (Table 7). As the plane dis-
tance from the X2 layer to the load application position was
large, the overall strain of the sensing optical fibers was much
smaller than that of the optical fibers in the X1 layer.

Using X13 and X23 sensing optical fibers for comparative
analysis of strain during each day of rainfall, there was a very
obvious trend of the strain endured by the optical fibers over
the course of the three days of rainfall. On the first day of
rainfall, the strain was relatively large, reaching 2560με. On
the second and third days of rainfall, the strain decreased
and tended to stabilize along the direction of the length of
the optical fiber. This occurred because loose particles of
the rock-soil mass before rainfall have high porosity, are filled
mostly with air rather than liquids, and are able to be highly
compressed. With the rainfall on the first day, the rock-soil
mass is washed out by rainwater, and the flow of pore water
drives the deformation of the rock-soil mass; it also becomes
gradually saturated. The strain in the positions 0.36m from
the X13 optical fiber and 0.63m from the X23 optical fiber
suddenly increased on the first day because the amount of

deformation of the rock-soil mass suddenly increased in this
position due to movement of particles caused by the
increased water in the dump. More attention is provided to
the generation of a potential sliding surface in the follow-up
analysis. At the end of the rainfall on the first day, the rock-
soil mass started to consolidate and settle, becoming denser
and less compressible. The impact of rainfall on the second
and third days on the amount of deformation of optical fibers
becomes increasingly smaller with the passage of time, indi-
cating that the overall rock-soil mass was in a relatively stable
state with relatively small amount of deformation.

(2) Analysis of Optical Fiber Strain in the Y Direction
under Different Rainfall Conditions. As shown in Figure 13,
optical fibers in the Y direction had a similar trend as those
in the X direction. As the layout of optical fibers in the Y
direction was parallel to the slope, the two positions of sud-
den change in the strain appeared along the length of the
optical fibers. Positions with sudden change in strain were
distributed symmetrically along the midpoint of the optical
fibers; however, the overall trend of the Y22 optical fiber
was relatively stable, without obvious strain with a sudden
change. This is mostly due to the locations of the Y22 optical
fiber. The Y22 optical fiber was far from the sliding direction
of the rock-soil mass and close to the back of the model; the
model had a great resistance to deformation in this place. The
overall strain at this location was relatively small, and the
strain along the direction of optical fibers was relatively sta-
ble. Optical fibers in both the upper and lower layers in the
directions of X and Y were all in this same plane. Comparing
Figures 12 and 13, the strain trends of the strain diagrams of
optical fibers in each layer in the directions of X and Y were
the same.

(3) Analysis of Optical Fiber Strain in the Z Direction
under Different Rainfall Conditions. It can be seen from the
strain diagram of the four optical fibers in the Z direction that
the strain of Z1 was similar to that of Z2, as was Z3 and Z4
(Figure 14). All positions of optical fibers with a sudden
change in strain appeared at the boundary of optical fibers
and slope, which is shown in Figure 15. However, the overall
strain was relatively small, and positions with sudden change
and strain are shown in Table 7.

3.3. Potential Sliding Surface Judgments. Table 7 summarizes
the sudden change in the strain of each optical fiber during

Figure 11: Fiber optic strain experiment under different rainfall conditions.
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rainfall on the first day. Strain increments at varying degrees
appeared in each optical fiber during rainfall on the first day,
and due to the symmetrical distribution of sensing optical
fibers, strain of each optical fiber had symmetrical growth.
These sudden changes in strain indicate new deformation
at these locations, and the location of the most dangerous
sliding surface was obtained from a comprehensive analysis
of the strain of each optical fiber.

Based on the slope failure mechanisms and the geomet-
rical characteristics of a sliding surface, the most common
types of landslides that occurred during testing are classified
as four types: plane slide failure, circular slide failure, wedge
slide shape failure, and compound slide failure. The sudden
change in the strain of each optical fiber shows that slow

trace deformation had already begun inside the dump,
accompanied by shear failure due to partial tension and
continuously decreased strength of the slope. However, no
actual landslide had yet occurred. The sudden change in
the strain of each sensing optical fiber during rainfall on
the second and third days indicates that with the increase
of rainfall time, the sliding surface gradually extended dee-
per into the slope, and finally, the sliding surface was
completely linked. The process creating the sliding surface
is shown in Figure 16. However, as rainfall stopped, the
rock-soil mass of the dump consolidated and settled, and
the entire dump stabilized.

Coordinates of positions with sudden change in the strain
in the three-dimensional schematic diagram of the indoor
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Figure 12: Comprehensive strain diagram of optical fibers in the X direction with three days of rainfall.
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physical model experiment were connected (Figure 17).
The slope was in an extremely unstable state during rain-
fall on the first day, and a dangerous circular sliding sur-
face formed (blue).

Figure 18 shows the porosity within the particles of
rock-soil materials used by the experiment observed
through 50x magnification by SEM before and after rain-
fall. The porosity before rainfall was significantly less than
that after rainfall because the materials that comprised the

rock-soil mass were mainly fine sandstone composed of
argillaceous cementation. Affected by rainfall, the argilla-
ceous cements were eroded, so that cementation of sandstone
particles diminished. During the rainfall, fine particles slid
into the pores among the coarse particles and gradually
formed small cracks as particles moved. These cracks gradu-
ally increased and linked into the dangerous sliding surface.
Due to the limited precipitation in the experiment, no actual
landslide occurred.

Table 7: Corresponding data of the strain of each optical fiber.

Fiber no. Fiber length (m)
Position with sudden change

in the strain (m)
Strain in the place with
sudden change (με)

Strain increment (με)

X11 0.667 0.59 1624 571

X12 0.667 0.43 2028 917

X13 0.667 0.36 2558 1236

X14 0.667 0.32 2777 1497

X15 0.667 0.44 2323 1170

X16 0.667 0.61 1708 731

X21 1.078 0.92 1042 346

X22 1.078 0.69 1675 721

X23 1.078 0.63 1991 971

X24 1.078 0.64 1969 912

X25 1.078 0.67 1910 952

X26 1.078 0.87 1292 552

Y11 2.0 0.21/1.75 2066/2195 892/994

Y12 2.0 0.82/1.27 1772/1698 892/690

Y21 2.0 0.81/1.20 1541/1321 661/424

Y21 2.0 — — —

Z1 1.694 0.46 695 309

Z2 1.694 0.43 709 314

Z3 1.694 0.85 885 338

Z4 1.694 0.87 896 357
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Figure 13: Comprehensive strain diagram of optical fibers in the Y direction with three days of rainfall.
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4. Numerical Simulation Calculation of the
Stability of Dump II

Combined with physical simulation test parameters, the
numerical simulation used FLAC3D software to establish a
Mohr-Coulomb constitutive model. The size of the model
was the same as that of the indoor physical model
(2m ∗ 2m ∗ 2m), so that monitoring data of further numer-
ical simulation could be consistent with those of the indoor
test. This simulation was mainly performed to create a simi-
lar simulation based on the loading process in the contents of
the experiment. The loading process was divided into two
stages and five working conditions. In the first stage, loads
of 20 kg, 50 kg, and 70 kg placed at the trisection at the top
of the model were simulated, a total of two points. Simulation
used vertical surface stress loading, and according to the
contact area of the actual load weight of 240m2, the vertical
compressive stress applied to each working point was
4.46e3 Pa, 4.46e3 Pa, and 1.458e4 Pa. In the second stage,
loads of 100 kg and 140 kg were loaded onto the quinquesec-
tion at the top of the model, a total of four points. Simulation
also used vertical surface stress loading, and the vertical

compressive stress applied to each working point was 1e4 Pa
and 1.458e4Pa, respectively.

4.1. Parameter Selection andModel Establishment.Numerical
parameters were set according to the relevant parameters of
the indoor physical simulation test model, which are shown
in Table 8.

According to the relevant parameters and loading
process, the detailed calculation process was divided into
two parts. First, the elastic model was calculated and the
stress conditions were generated consistent with the test
site. Finally, the elastic-plastic calculation was performed.
Figure 19 is the generated elastic stress field.

4.2. Analysis of Numerical Simulation Results under Different
Conditions of Heaped Loads. The corresponding calculation
results were obtained after numerical simulation of the
dump model:

(1) Calculation results of 20 kg of load: as shown in
Figure 20, the maximum value of the vertical dis-
placement was calculated as 0.09mm after the model
stabilized. In the model, there was a clear difference
between the middle and lower stable zone and the
upper strain zone. The model was free of damage
after the calculation of model stability. However, after
the model was loaded, a potential shear strain belt
that was linked in its shear stress field was obvious,
and the belt passed through a point of loading which
was distributed in the shape of an arc

(2) Calculation results of 50 kg of load: as shown in
Figure 21, the maximum value of vertical displace-
ment was calculated as 0.62mm after the model sta-
bilized. In the model, there was a clear difference
between the middle and lower stable zone and the
upper strain zone. The model was free of damage
after the calculation of model stability. However, after
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Figure 14: Comprehensive strain diagram of optical fibers in the Z direction with three days of rainfall.
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optical fibers in
the Z direction

Figure 15: Locations of sudden change in the strain of optical fibers
in the Z direction.
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the model was loaded, the potential shear strain belt
that was linked in its shear stress field was obvious,
and the belt passed through the point of loading with
an arc-shaped distribution

(3) Calculation results of 70 kg of load: as shown in
Figure 22, vertical deformation of the slope was
calculated to be 1.2mm after the model stabilized
(the settlement of the loading point was not included
in the maximum value). In the model, there was a
clear difference between the middle and lower stable
zone and the upper strain zone. The model was free
of damage after model stabilization. However, after
the model was loaded, model appearance did not
show the obvious shear belt in its shear stress field.
However, it can be seen from the perspective view
that shear strain started at the top point of loading,
and wedge deformation occurred around the loading
area in this position. In the two points of loading, the
arc-shaped surface that was linked in the lower part
of the loading point on the right formed, indicating
that during the loading process with these working
conditions, the damage arc formed from the inside
and from the top to bottom

(4) Calculation results of 100 kg of load: as shown in
Figure 23, in the working conditions of calculation,
there were four loading points. Similar to the above
calculation, the relatively large settlement and shear
strain appeared first right at the location of the load-
ing point, and the vertical deformation of the slope

was 1.2mm after model stabilization, indicating that
although the total load was relatively large, due to dis-
persed positions of loading points, the load too was
dispersed. This helped protect slope stability. Simi-
larly, in the shear perspective view of the model, the
shear belt that was linked appeared preferentially in
the two middle loading points, and an enlarged shear
zone occurred in the loading position at the top

(5) Calculation results of 140 kg of load: as shown in
Figure 24, with these working conditions, there were
four loading points. Similar to the above calculation,
the relatively large settlement and shear strain first
appeared right at the location of the loading points,
and the vertical deformation of the slope was 4mm
after model stabilization. Although the locations of
the loading points were dispersed, loads were also
dispersed to some extent, maintaining slope stability.
However, the deformation of the slope was relatively
large after this loading and damage appeared, indi-
cating that a large enough load can create an unstable
slope after the loading point is arranged. Similarly, in
the shear perspective view of the model, the shear belt
that was linked appeared preferentially in the two
middle loading points, and the enlarged shear zone
occurred in the loading position at the top but did
not extend to the outside of the model.

In general, numerical analysis results were similar to
those of the indoor physical model. As the loading intensity
continued to increase, vertical displacement of the slope
gradually increased, and the shear stress field in the loading
process of two points had an obvious potential shear strain
belt that was linked. The damage arc formed from the inside
and from the top to bottom. The way of loading changed in
the loading process of four points, although the deformation
of the slope increased as the load increased, and the slope was
eventually damaged when the load reached 140 kg. The
linked shear belt preferentially appeared in the two middle
loading points, and an enlarged shear zone occurred in the
loading position at the top but did not extend to the outside
of the model.

5. Discussion

The location of the dangerous potential sliding surface was
determined through the size of deformation in locations
where optical fibers deformed within the indoor physical
model. Rainfall and heaped load had a relatively extensive

(a) Slope cracking (b) Crack propagation (c) Sliding surface run-through

Figure 16: Slope instability process.

Figure 17: Three-dimensional schematic diagram of the sliding
surface.
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impact on landslides in a dump. With the increase of heaped
load, the place between the two heaped load points was
squeezed and deformation slowly increased; deformation of
the rock-soil mass was obvious at the beginning of rainfall.
As the rainfall intensity continued to increase, a dangerous
sliding surface was generated. Because the rainfall intensity
in the experiments failed to meet the requirements of land-
slide and mudslide (not enough total amount), no actual
landslide ever occurred in these experiments. However, as
rainfall stopped, the rock-soil mass of the dump consolidated
and settled, and the entire dump tended to stabilize. Com-
pared with other monitoring methods in dumps, fiber optic
monitoring can be implemented over long distances and
large areas, although it still does have blind spots in its

monitoring. This method does not affect the integrity and
structural safety of the monitored rock-soil mass and can
provide an early warning of landslides and deformation
under a dynamic working process of a site, as proven by
Naruse et al. [34] and Kogure and Okuda [35]. However,
the workload needed for arranging optical fibers is rela-
tively large, and fiber optics are fragile and easily damaged;
thus, the fiber optics need to have installed the protective
sleeve, which increases monitoring cost.

FLAC3D was adopted to analyze the vertical displace-
ment and shear strain of the dump under different heaped
load conditions, which provided the basis for the determina-
tion of the position of the sliding surface in the slope. As the
loading intensity continued to increase, vertical displacement
of the slope gradually increased, and the shear stress field in
the two-point loading process showed an obvious linked
potential shear strain belt. A damage arc formed from the
inside and from top to bottom. The way of loading changed
in the four-point loading process, although the deformation
of the slope increased as the load increased, and the slope
became damaged under a load of 140 kg. There was still the
linked shear belt that preferentially appears in the two middle
loading points, and an enlarged shear zone occurred at the
location of loading at the top that did not extend to the out-
side of the model. In general, the results of numerical analysis
were similar to results of the indoor physical model experi-
ment and provided a theoretical basis for field experiments.

6. On-Site Experimental Scheme of Fiber Optic
Monitoring of Dump II

Based on the fiber optic monitoring indoor physical model
experiments and numerical simulation results of the stability
of Dump II, a large deformation on-site monitoring design
was implemented according to the status quo of dumping

(a) Scanned sample picture before rainfall (b) Scanned sample picture after rainfall

Figure 18: Sample SEM pictures before and after rainfall.

Table 8: Model of physical and mechanical parameters.

Names of rocks
Weight
(kg/m3)

Modulus of
volume (MPa)

Shear modulus
(MPa)

Cohesion (Pa) Friction angle (°) Tensile strength (Pa)

Chlorite amphibolite 2560 70 41 900 21 0
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Figure 19: Results of the of elastic stress field calculation.
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within the dump. Different optical cables were selected and
laid in different locations throughout the dump. Cables were
selected by comparing which were suitable for soil deforma-
tion monitoring during the excavation of the slope in the
open-pit mine. The lengths of A and B lines were 200m each,

and each cable was redundant with 20m at both ends. The
length of each cable was 220m (Figure 25). The trench was
excavated at the top of the slope where the platform was
located, and the distributed sensing cables and fiber optic
monitoring pipes were buried into the slope. Soil of the slope
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Figure 20: Vertical displacement field and shear strain field after loading of 20 kg.
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Figure 21: Vertical displacement field and shear strain field after loading of 50 kg.
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Figure 22: Vertical displacement field and shear strain field after loading of 70 kg.
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slides downward as it is affected by slope dumping and exca-
vation. In the area with soil deformation of the slope, cables
deform with the soil, thus causing tensile deformation. A dis-
tributed optical fiber strain tester was used to test the amount
of optical cable deformation and determine the area of defor-
mation of the slope.

The trench was excavated according to the designed opti-
cal fiber monitoring line. The optical fiber sensor was
installed in the trench and buried in the backfill soil. Wiring
ports at the beginning and end of the monitoring line were
reserved in order to be able to measure deformation and
strain. The specific layout on site is shown in Figure 26.

Through the excavation test of the dump slope, a scheme
for laying optical fibers suitable for the monitoring of Dump
II was finally selected, which will also provide a field test for
large-scale application of fiber optic monitoring in a dump
that will be reported on at a later period. Monitoring and
reporting of the fiber optic network will occur at a later date.

7. Conclusions

The Dump II (Fengjiadonggou) within the Nanfen Open-Pit
Iron Mine was the prototype for determining strain and

deformation through experimental study and numerical sim-
ulation calculation on fiber optic monitoring with the indoor
physical model combined with on-site engineering survey
data and landslide analysis methods of the dump. The follow-
ing conclusions are obtained:

(1) The indoor physical model experiment of fiber optic
monitoring of the dump determined the deformation
in different positions of the dump under different
heaped loads and rainfall amounts. The location of
the dangerous potential sliding surface was deter-
mined using the size of deformation in locations
where optical fibers were deformed. The reasoning
for the sliding face was analyzed through theory,
although the pore size among particles of the rock-
soil mass before and after the experiment was mea-
sured using SEM. Rainfall and the heaped loading
method have a relatively extensive impact on the
occurrence of landslides in a dump

(2) FLAC3D was used to analyze the vertical displace-
ment and shear strain of the dump under different
heaped load conditions, which provided the basis
for the determination of the position of the sliding
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Figure 23: Vertical displacement field and shear strain field after loading 100 kg.
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Figure 24: Vertical displacement field and shear strain field after loading of 140 kg.
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surface of the slope. In general, the results of numer-
ical analysis are similar to results of the indoor phys-
ical model experiment and provide a theoretical basis
for field experiments

(3) Through the indoor physical model experiment and
numerical simulation results, evolution features of
the dump under different working conditions were
compared and analyzed in order to lay a theoretical
and practical foundation for solutions using fiber
optic monitoring of a dump site. Based on this, a
fiber optic monitoring design suitable for the site of
Dump II was proposed and installed. Monitoring
and reporting of the fiber optic network will occur
at a later date.
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