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Abstract. Open-pit (OP) and underground (UG) mining are usually used to exploit shallow and deep ore deposits,
respectively. When mine deposit starts from shallow subsurface and extends to a great depth, sequential use of OP and UG
mining is an efficient and economical way to maintain mining productivity. However, a transition from OP to UG mining could
induce significant rock movements that cause the slope instability of the open pit. Based on Yangianshan Iron Mine, which was
in the transition from OP to UG mining, a large-scale two-dimensional (2D) model test was built according to the similar theory.
Thereafter, the UG mining was carried out to mimic the process of transition from OP to UG mining to disclose the triggered
rock movement as well as to assess the associated slope instability. By jointly using three-dimensional (3D) laser scanning,
distributed fiber optics, and digital photogrammetry measurement, the deformations, movements and strains of the rock slope
during mining were monitored. The obtained data showed that the transition from OP to UG mining led to significant slope
movements and deformations that can trigger catastrophic slope failure. The progressive movement of the slope could be
divided into three stages: onset of micro-fracture, propagation of tensile cracks, and the overturning and/or sliding of slopes. The
failure mode depended on the orientation of structural joints of the rock mass as well as the formation of tension cracks. This
study also proved that these non-contact monitoring technologies were valid methods to acquire the interior strain and external
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deformation with high precision.
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1. Introduction

Normally, Open-pit (OP) mining is a preferred mining
method in most circumstances, especially for shallow ore
mineral deposits, due to its applicability to a variety of
rocks, minimum production loss and high production rate
(Korkmaz et al. 2011, Song et al. 2016). Due to these
advantages, OP mining is the primary mining method in
China for decades. However, some deposits start from
shallow subsurface and extend to a great depth, which
usually require a transition from OP to underground (UG)
mining to maintain the productivity because the sloping of
OP mining reduces the mining area with depth (Bakhtavar
et al. 2009, Chung et al. 2016, Nguyen et al. 2016).
Therefore, such mining usually will experience three
production phases over its service life, namely, OP mining
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at its early phase, combination of OP and UG mining at its
interim phase and UG mining at its late phase. From an
economic point of view, many studies have investigated the
suitability, the optimal operation and the optimal transition
depth from OP to UG, and have proposed many empirical
models (Bakhtavar et al. 2013, Ordin et al. 2014). One of
the greatest challenges of transition from OP to UG mining
is the slope instability associated with high, steep cut and, in
addition, the mining disturbance significantly increases the
complexity (Bye et al. 2001, Rose et al. 2007, He et al.
2008). In the OP and UG mining concurrent phase, UG
mining leads to stress redistribution of the OP slope, which
may cause excessive movements, resulting in instability or
even collapse in the long term (Chung et al. 2016).
Therefore, the deformation and stability of the slope during
the transition from OP to UG mining has been a key
technical issue that was mainly investigated by numerical
approaches in the past because a full-scale experimental test
was prohibitive due to its high cost and space requirement.
Physical model tests can be a good alternative to
simulate the problem in a lab environment if a prototype
can be reasonably scaled down based on the similar theory.
After first proposed by Genn Kuznetsov in the 1930s, the
similar theory has established its mathematical basis to
scale down a real-world project into an accommodable size
to be tested in the lab. It has been widely applied in many
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Fig. 1 Yangianshan Iron Mine open pit

different areas, such as infrastructure, mining, fluid
dynamics, aerospace, petroleum engineering and
manufacturing. In 1973, based on the similar theory
Fumagalli et al. (1973) first systematically performed a
number of model tests to study different geomechanic
problems and demonstrated how to establish the similarity
between the in-situ materials and laboratory materials (i.e.,
similar materials), and how to apply stresses in model tests.
With the encouraging success, model tests have been widely
used in slope, tunneling and, mining engineering and
become an indispensable tool for many engineering
problems (Gu et al. 2008, Wang et al. 2014, Lin et al. 2015,
Lu et al. 2015, Weng et al. 2015, Fan et al. 2016). Bakhtar
et al. (1997), Li et al. (2002), and Li et al. (2013) used
physical model tests to study blasting loads, seepage in rock
fractures, stress-strain responses and stability during inland
and offshore tunneling. Bae et al. (2007) studied the
deformation of segmental retaining walls by a series of
scale-down models. Ding et al (2011) used a three-
dimensional (3D) geomechanical model to investigate the
progressive failure as well as the failure modes of a
concrete gravity dam if the foundation rock was treated and
untreated. More recently, through model tests, Miller and
Gustin (2013) came up with measures to prevent and
control the non-point source mercury leakage from the OP
gold mine. In summary, the model test has made it possible
to scale down a problem and experimentally study it by at
least preserving the key parameters of interest.

Yangianshan Iron Mine, located in Liaoning Province, is
a major ore deposit of Northern China, which had been in
operation for years and was in the transition from merely
OP mining to OP and UG joint mining to maintain its
productivity. Previously, based on the so-called “Equivalent
Jointed Rock-mass Model (EJRM)”, Xu et al. (2016)

analyzed the stability of rock mass of the mine, and
investigated complex mechanical behaviors of rock masses
induced by UG mining in the iron ore. According to the
calculated results, the displacement and degree of
destruction of surrounding rocks in the mining area were
mainly governed by the overburden stress of rocks and the
characteristics of the joints and their distribution. It also
concluded that the movement and crashing of surrounding
rocks of the mining area made the slope surface subside
downward and slide inward to the pit. However, due to the
limitation of numerical calculation, it was difficult to
illustrate the progressive movement and failure process
caused by transition from OP to UG. To reveal the dynamic
process of deformation and movement of the slope during
the transition from OP to UG mining, this study selected the
Yangianshan Iron Mine as the prototype and, afterward,
built and tested a large-scale 2D model according to the
similar theory. The model was instrumented by 3D laser
scanning technology, distributed fiber strain monitoring
technology, and digital photogrammetry to monitor the
deformation and strain of the OP slope throughout the test.
The yielded data provided information for the prediction of
slope movement and failure, which could be used to
identify remedial measures to control the excessive
deformation and movement of the OP slopes in the future.
Moreover, a numerical simulation was adopted to further
reveal the details of the deformation and failure mechanism
of pit slope, which could not be easily seen in the model
test.

2. Model test design
2.1 Engineering geology condition of mining area

One After decades of OP mining, a large pit in
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Fig. 2 Non-pillar sublevel caving method (modified from
Brady and Brown 2006)
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Fig. 3 Geological section of the A-A" section

Legend

Yangianshan Iron Mine has formed, which is 1,410 m long
from east to west, 570-710 m wide from south to north, and
about 250 m deep, as shown in Fig.l. The overall
inclination angle of the pit slope is about 40°. The mining
area as hatched in green in the topography shown in Fig.1
extends roughly along the east-west direction; consequently,
mining activities are mainly constraint in this green strap
area. The field visit reported different local failures,
including collapse, landslide, and tension cracking, on the
east and west sides of the pit, caused by iron ore mining
disturbance as marked in Fig. 1.

Long-term mining activities, including digging, blasting,
crashing and hauling, have created numerous fractures in
the rock mass that may be temporarily stable due to friction
and interlocking between rocks. The frequent vibration
generated by routine mining activities facilitates progressive
movement of such rocks towards the pit, which may trigger
sudden collapses or landslides. In addition, the creeping

Table 1 Similarity ratios of different parameter according to
the dimensional method (Zou et al. 2013)

Symbols Notations Formula
Cy Normal stress similarity ratio C,=C.C,
C, Shear stress similarity ratio C,=C,
Cy Elastic modulus similarity ratio Cg = g—z
Cy Poisson’s ratio similarity ratio ¢, =1
C, Strain similarity ratio C.=1
Cy Friction angle similarity ratio Cp=1

Table 2 Physical and mechanical properties of migmatite
and phyllite and their similar materials

. Unconfined Elastic . Internal
Density . Cohesion S

Rock type (ke/m?) compressive  modulus (MPa) friction

g strength (MPa)  (MPa) angle (°)

Migmatiteand 500 140300 3000-5000 40~50  38-40
phyllite

Similar = 55 0.7~1.5 150~250 0.2~0.25  38~40
material

Table 3 Physical mechanical parameters of similar materials

Uniaxial Elastic Internal
Density compressive Cohesion L.
Name modulus friction
(g/ecm?) strength (MPa) (MPa) angle (%)
(MPa) g
Target value 2.5 0.7~1.5 150~200 0.2~0.25 38~40
Achieved value 2.56 0.80 200.6 0.17 38.94

movement of the lower rocks may result in the formation of
tension cracks in upper rocks, which may collapse or roll
over later on. The field investigation to the mine also
disclosed that on the east side of the pit the failure planes
were primarily coincident with the structural plane of the
rock formation, shown in Fig. 1(d). In addition, the tension
cracks were salient in many locations, especially at the
scarps of the slides as shown in Fig. 1(b). In contrast, the
slope on the west side was gentler than that on the east side;
as a result, progressive landslide and large area subsidence
were more common than other types of distress modes as
shown in Fig. 1(a) and 1(c).

In general, the failures were primarily localized and
there was no foreseen risk of global failure at the time of the
field visit. However, to maintain the productivity, the
mining had to be transitioned to UG with a non-pillar
sublevel caving method as shown in Fig. 2, which can
significantly influence the stability of the OP slopes,
especially at the location of the main entrance of the UG
mining.

In this paper, the A—A”" Section as marked in Fig. 1 was
used as the prototype slope of the model test to assess the
induced movement. This location was selected as the main
entrance of the vertical shaft mining because it potentially
had a minimal impact on the surrounding slopes. At this
cross-section, the slopes in north—south direction had a run
of approximately 800 m and a rise of approximately 650 m.
The south and north slopes were the results of years of
mining. The south slope was mainly composed of
migmatite, while the north slope was mainly phyllite. Both
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slopes had a height of approximately 250 m, sloping at an
angle roughly 40°. The elevations of their toes were about -
183 m and their crest elevations were about 70 m. The
bottom of the OP, ranging from -183 m to -215 m, consisted
of a loose rock layer and then an underlying competent rock
layer. The loose rock layer was the result of enduring
mining activities for many years, which was significantly
fractured, forming a loose crashed rock cushion. The
underlying competent layer was formed due to the intrusion
of rock into the ore deposit in geological age. The iron ore
deposit resumes from an elevation of -215 m ~ -500 m,
which would be the future UG mining space.

As mentioned previously, the non-pillar sublevel caving
method would be adopted for the UG mining with the
height of each segment to be 18 m. For the purpose of this
experimental study, the prototype slope and its scale-down
model are both shown in Fig. 3. The right vertical axis of
the figure shows the true elevation, while the left vertical
axis shows the dimensions used in model test, which were
determined based on the similar theory. The true and model
dimensions in the horizontal direction are both shown in the
horizontal axis. The regional geological data shows that the
surface rock of the mining is part of the rock strata that
inclined at an angle of 70°, extending North-East. The rock
mass mainly contains two sets of dominant joints, which dip
at an angle of 10° and 80°, respectively, as marked in red in
Fig. 3.

2.2 The ratio of similar materials

Considering containable dimension in the lab, the
geometric similarity ratio was selected to be 200, namely,
Cr=200, which is illustrated in Fig. 3. The similarity ratio of
density was selected as 1, i.e., C;=1 based on comparison
and analysis of many sets of similarity scales. The similarity
ratios of other parameters were derived from the selected C,
and Cp according to the similarity theory as shown in Table
1.

Stress similarity parameter

C,=C, =Cy =200 (1)

where C,, C,and Cg are the similarity ratio of stress,
shear strength, and elastic modulus, respectively.

Poisson’s ratio, strain, internal friction angle similar
parameters

C,=C,=C, -1 2)

where C,, C,and C; are the similarity ratio of Poisson’s
ratio, strain, and internal friction angle, respectively.

Fig. 4 Cylindrical specimens

Migmatite and phyllite rock samples had been retrieved
from the site, and cored specimens were tested for their
properties in the lab as a part of the design tasks of the UG
mining. Table 2 shows the physical and mechanical
properties of the rocks as well as the expected properties of
their similar materials, which were calculated based on the
similarity ratios listed in Table 1.

Cement, quartz sand, barite powder, iron ore powder
and gypsum were selected as ingredients to prepare for the
similar materials that would be used for the model test. To
achieve the target properties listed in Table 2, the
ingredients were mixed by 30 different ratio combinations.
For each ratio combination, ten cylindrical specimens with
a diameter of 50 mm and height of 100 mm (shown in Fig.
4) were casted, cured and tested for their density,
compressive strength, elastic modulus, internal friction
angle, and cohesion. It was found that a weight ratio of 1 :
28 : 28 : 6.67 : 3 : 2 (i.e., cement : quartz sand : barite
powder : iron ore powder : gypsum : water) led to the
desired properties as shown in Table 3. The mixture was
mixed by manual agitation (clockwise stirring and
counterclockwise stirring) and cured at room temperature of
20 £ 2 °C and humidity of 60 + 10%. Thus, this
combination was used to prepare for the ore materials used
in this study.

2.3 Test system

2.3.1 Model chamber

The model test was performed in a test chamber as
shown in Fig. 5, which had a dimension of length 4,000 mm
x width 1,000 mm X height 3,500 mm. The test system was
made of four parts: baseboard, framework, clapboard, and
simulative orebody. To facilitate observation during the test,
the three sides of chamber were made of transparent
polycarbonate (PC) board and braced by steel beams, which
was tested in advance to ensure that they would not deform
excessively during testing. The backside of the chamber
was constraint by a 10 mm thick steel plate. It should be
mentioned that the clapboard in the middle of framework
was movable to accommodate different dimension in Z-
direction as marked in Fig. 5(a); thus, a 2D or 3D model test
can be conducted in this chamber.

2.3.2 Deep mining simulation system

According to the similarity theory, the north-south width
of the simulation orebody (i.e., the UG mining zone) is 8§00
mm (X-direction of the model is shown in Fig. 5(a); the
cross-section is shown in Fig. 3), the east-west distance is
1,000 mm (Z-direction) and the mining depth is 1,425 mm
(Y-direction) under the condition of geometric similarity
ratio of 200.

Based on the characteristics of the non-pillar UG mining
method, the whole mine model was divided into three
zones: north slope, south slope and UG excavation area.
The blocks of the similar material with a dimension of 150
mm x 150 mm x 150 mm were used to reconstruct the north
and south slopes as shown in Fig. 5(b). Such a dimension
was selected so the dominant fracture could be well
represented. The blocks were placed in an inclined angle
so that the sides of each block were oriented in the direction
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(c) Simulation mining step 12th
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(d) Simulation mining step 16th

Fig. 8 Schematic diagram of the simulation of excavation
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Fig. 9 Horizontal displacement curves of the north and south end slopes

of the dominant joints on the both slopes as indicated in Fig.
3 as the joints were vital to failure of rock structure (e.g.,
Shemirani et al. 2017). In contrast, the excavation area was
constructed with 16 layers of simulation boxes made of pre-
casted slabs and the dimension of each box is 995 mm x
800 mm x 90 mm (length x width x height). The height of
simulation box was selected according to the real UG
mining sublevel. The depth of underground mines ranged
from Elevation -215 to Elevation -500 m, which was
anticipated to consist 16 sublevels of mining: 15 sublevels
that each has a height of 18 m, and one bottom sublevel
with a height of 15 m. According to a similarity ratio of
200, each sublevel of UG mining was represented by a

height of 90 mm in the test model. Even though the
bottom sublevel should be 75 mm, it was represented by 90
mm to simplify the simulation boxes preparation. This
slight discrepancy was not expected to introduce significant
error into the results. It is noteworthy that each slab was
framed in steel wires before being put in the test chamber,
which made the simulation of the excavation possible. In
this test, all the blocks interacted with each other through
friction and interlock and no artificial cementation was
created.

To facilitate the model test, a loading and reaction
system was built to remove orebody, piece by piece, to
simulate excavation; and apply additional loads if needed,
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which is schematically shown in Fig.6. The simulation of
each sublevel of excavation was executed in the following
procedure: firstly, the electric capstan and steel strand were
connected with the bottom simulation box by the high
strength threaded buckles; secondly, the box was pulled out
to create a cavern in ore body, similar to the non-pillar
sublevel caving mining method. The above steps were
repeated until the simulated excavation was completed.
The procedure is illustrated in Fig. 6.

2.3.3 Monitoring system design

The test model was monitored by distributed optical
fibers, which were buried during model construction (Fig.
7(a)), 3D laser scanner and digital photogrammetry (Fig.
7(b) and (c)) and Shape Accel Array (SAA) inclinometer
(Fig.7(c)). No contacting methods, i.e., 3D laser scanner
and digital photogrammetry, were used to capture the slope
surface movement caused by the excavation, while
distributed optical fibers and SAA inclinometer were used
to monitor the distribution of the strain and movement,
respectively, within the mass. A few selected reference
points on the north and south slopes were marked to provide
targets for the photogrammetry as shown in Fig. 7(b). The
monitoring system integrated the contact and non-contact
methods, which could yield comprehensive data on the
movement and deformation of the testing model.

3. Test results and analysis

The model test was carried out in stages according to the
approach described previously. After each excavation (i.e.,
removing each simulation box), the data from all
instruments were collected a few times before advancing to
the next stage to ensure an equilibrium was reached.
Unfortunately, due to the damage of the SAA inclinometer,
its monitoring data were not available.

3.1 The data from digital photogrammetry

The crack development at different stages of mining is
shown by photos in Fig. 8, and the horizontal displacement
curves of north and south slopes are shown in Fig. 9, in
which displacements toward south are defined as positive,
vice versa (refer to Fig. 7(b) for the location of north and
south slopes).

It can be seen from Fig. 9 that all the reference points of
both south and north slopes moved towards the mined-out
area, that is, the horizontal displacements increased with the
increase of the UG mining depth. The rock closer to the
mined-out area moved more than other areas. Overall, the
horizontal displacement of south slope was obviously
smaller than the north one. After the completion of the
excavation, the maximum horizontal displacement of the
south slope was only 58 mm, while that of the north slope
reached 145 mm. This phenomenon is mainly because the
north slope was the bedding slope, in which the principal
joints leaned towards the mine-out area as shown in Fig.
7(b). Such orientation of the joints facilitated the downward
sliding movement of rocks. As a result, the horizontal
displacement was larger, and the influence range was wider.

However, the south slope had a reversed slope, in which the
joints were oriented against the mine-out area as shown in
Fig. 7(b). Different from the north slope, such orientation of
joints provided interlocks between rocks; thus, the
horizontal displacement and the influence range were
smaller.

3.2 The data from 3D laser scanning

Based on the 3D laser scanning, the point clouds of the
whole model at different stages of excavation were
obtained. The crack generation and propagation were
analyzed by Geomagic qualify software. The following
sequence was applied to ensure the results were
comparable. Firstly, the model was scanned before the
excavation to restore the initial positions. The point clouds
obtained by scanning were colored and cut, and then non-
connected items and external solitary points were removed
to reduce noise. Thereafter, the point clouds were
encapsulated and transformed into polygon model that can
be used as the reference object for subsequent excavation.
Then, the same procedure was repeated for each excavation.
At last, 3D deviation calculation of the reference and test
objects was carried out in the software platform to obtain
the information of the crack initiation and propagation,
which are shown in Fig. 10.

According to Fig.10, it can be found that three fractures
(delineated in red ellipse) appear at the north slope after the
completion of the 4™ step of the excavation, which were
nearly vertical and approximately in the direction of rock
joints. The extension of the fracture gradually decreased
with regards to its distance from the toe of the slope. But
at this stage no obvious crack was observed on the south
slope, which was basically consistent with the measurement
of the displacements. At the 8" step of excavation, the
fractures of the north slope significantly deepened; at the
meantime, some shallow fractures appeared on the south
slope. At the 12% step of the excavation, numerous cracks
became obvious on the south slope and collapse occurred
on the north slope (Fig. 10(c)). After the completion of the
excavation, collapse was also observed on the south slope.
(Fig. 10(d)). In general, the depth and width of the fracture
at the north slope were larger than those at the south slope.

3.3 The data from distributed optical fibers

The optical fiber was mainly used to monitor the strain
within the mass during the model test. The optical fiber
arrangement is shown in Fig. 7(a) and 7(c). The monitoring
results are shown in Fig. 11, in which the tensile strain is
positive, and the compressive strain is negative. At the 10t
stage of excavation, the fiber optic was pulled out; as a
result, the fiber optic data collection was terminated at this
step.

It can be concluded from the distribution of strain along
the optical fiber of the north slope that the internal strain of
the model increased with the excavation. The strain at most
of the locations were trivial except for three spikes, which
represented strains at the fiber length of 17.7 m, 21.4 m and
26.6 m, respectively. The location and strains are plotted in
Fig. 12. By comparing Figs. 10 and 12, it appears that these
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Table 4 Mechanical parameters of the structural plane

Serial number Zones Internal fri(c:)ion angle ¢ Co(l&isl;i;); ¢ Normal stiffness k, (GPa) Shear stiffness k, (GPa)
1 North slope 16.85 0.34 5.06 1.91
2 Ore body 19.14 0.56 5.92 2.22
3 South slope 26.42 1.02 7.32 3.52
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Fig. 13 Deformation contour of numerical simulation at different stages of excavation

three points were coincidently located very close to one of
the major cracks. At the same time, it can be found out in
Fig. 12(b) that when the 10" step excavation was
completed, the strain started to drop, which was attributed
to the slip between the optical fiber and the burying
material, leading to disengagement between the optical fiber
and the materials. At the position located 17.7 m of the
optical fiber, namely, the toe of the north slope, the strain
was detectable since the first step excavation, and the strain
was gradually increased with the excavation, which reached
its maximum value of 2,085 pe at the 9 step of excavation.
At the position located 21.4 m of the optical fiber,
significant strain began to appear at the 3" step of
excavation, and the maximum value was 1,525 pe at the end
of the 9" step of the excavation. At the position located 26.3
m of the optical fiber, significant strain began to appear at
the end of the 5% step of excavation, and the maximum
value of 1018 e was reached at 9" step of excavation. It is
worth mentioning that at the 5" step, the excavation has not
reached the depth where the 26.3 m fiber was located.
However, due to the movement of the surrounding rock, the

strain about 357 pe was detected at that location. This
strain information appears to suggest the cracking likely
start from lower elevation.

4. Numerical calculation

Upon the completion of the model test, a full-scale
numerical simulation was conducted using the discrete
element numerical simulation software - 3DEC to further
validate the findings from the model test in a full-scale
setting. The discrete element method was selected over
constitutive modeling such as Gu et al. (2018) because it
can better manifest the cracking process. The dimension of
numerical model was 5,000 m (length) x 3,400 m (width) X
800 m (height), which made the size of this model at least 3
times of the real mining area to eliminate the boundary
effect. The model contained 1,421,500 grid points and
189,827 blocks. And the minimum size of block is 25 ~ 20
m. The left and right boundaries of the model were
constraint from horizontal displacements, and the bottom



176 Bin Zhang, Hanxun Wang, Jie Huang and Nengxiong Xu

boundary was fixed for vertical displacements. The
horizontal deformation contour is shown in Fig. 13.

There were a large number of primary and tectonic
joints in this area (Xu et al. 2016), which would potentially
influence the deformation and failure of surrounding rocks.
Therefore, these joints must be appropriately accounted in
the numerical model. To make the computing time
reasonable without omitting the most important features of
the rock mass in the simulation, the following
simplifications were adopted:

. Only the main joints in the mining area were
considered, and the secondary joints were neglected;

i The same group of joints were represented by
parallel interface planes, and the trend and dip of joints was
determined according to the average of the same group; and

. In the area close to mining excavation, the joints
were densely spaced, while in other areas the joints were
relatively sparse.

The rock was assumed rigid and the interaction of rocks
at the joints were simulated by frictional interfaces, which
were characterized by normal stiffness ky, shear stiffness ks,
cohesion ¢ and internal friction angle ¢, as listed in Table 4
(Xu et al. 2016; Lian et al. 2015).

Fig. 13 is the displacement contours obtained from the
numerical simulation, which indicates that the north and
south slopes behaved noticeably different. As to the north
slope, the mining mainly triggered sliding and rotation
towards the mined-out area due to the removal of the
support at the toe of the slope. This is largely attributable to
the orientation of the rock joints, which facilitates the
downward creeping. Since the formation of rocks leaned
downward, the rotational movement is also pronounced
upon the removal of the support at the toe. When the
excavation proceeded deeper and deeper, separation
between layered rock became salient and rock was
subjected to considerable bending, which eventually caused
rupture. Even though the south slope was not as steep or
high as the north slope, it started to fail locally at an earlier
stage. It should be noted that the discrete element numerical
simulation software - 3DEC treats materials as numerous
discrete elements that interact with each other through
contacts, which cannot provide the factor of safety of slope
from a limit equilibrium analysis.

5. Discussion of the results

Before the transition from OP to UG mining, the mining
pit slopes overall were stable, except for a few localized
collapses. With initiation and propagation of UG mining,
rock mass started to show noticeable global movement on
both north and south slopes. The model test and numerical
analysis both disclosed that the global movement and
failure induced by transition from OP to UG mining could
be roughly categorized into three stages. From the 1% to the
4™ step of excavation, the movements of the south slope
were rather limited. Even though both model test and
numerical simulation detected some emerging minor crack
in the rock mass of the north slope, it remained largely
stable. From the 5" to the 12 step of the excavation, the
UG mining was extended to a great depth, the movements
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Fig. 14 Schematics of the deformation trend of the model

of both slopes increased rapidly. The separation between
rock layers and tension crack in rock became salient on the
north slope and, at the same time, the slope started to fail
along the planes of major joints with noticeable amount of
cave-in to the mine-out area. The increase of internal strains
at this stage was also enormous as the optical fiber
embedded in the slope was pulled out during the model test,
implying the accumulated strains were excessive. From the
12" step and thereafter, various regional collapses in the
south slope occurred, while the north slope had massively
failed.

Based on the model test and numerical simulation, it
could be concluded that the failure mode of the slope was
predominantly controlled by the structural fractures that
included joints and bedding surfaces. In this work, the
rotation angle (upsetting angle) is defined as the vertical
angle before and after rock movement (Fig. 14). To measure
the rotation angle, each slope was divided into 7 vertical
slices as shown in Fig. 14 and the rotation at the vertical
boundary between adjacent slices were quantified from the
numerical results. Movement angle is defined as the
intersection between sliding surface the horizontal line (Fig.
14). The sliding surface was obtained from the shear strain
rate contours. The rotation angle of the north slope was
between 4.3° ~ 8.2°, and the movement angle is about 60°;
the rotation angle of the south slope was between 0.6° ~
3.9°, and the movement angle is about 70° (Fig. 14). The
damage of rock was primarily attributable to the existence,
development and extension of the fractures in the rock
mass. A cracking zone could be delineated by connecting
the tip points of each crack on the north and south slopes,
respectively, which is shown in red lines in Fig. 14. The
zones on the slopes were approximately circular, but the
north slope obviously had much larger influential range.

6. Conclusions

This paper is based on a combined experimental and
numerical study of Yanqianshan Iron Mine, which was in
the transition stage from OP to UG mining. A large-scale
model test and a full-scale numerical analysis were used to
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assess the stability of rock slope and movement of rock
mass during the transition period. Based on the results of
the model test and numerical simulation, the following
conclusions can be drawn:

* Underground mining during transition from OP to UG
mining is a major trigger of the pit slope movement,
especially for rock slope with existing fractures from prior
mining activities. The distress modes of the rock primarily
included tension crack, sliding, overturning and collapse,
which depended heavily on the orientation of the joints. If
the rock joints were more or less in alignment with the
slope surface, i.e., the different between dip angle of the
rock joints and inclination angle of the slope was small,
sliding was more likely to dominate. In contrast, if the dip
angle differed from the inclination angle of the slope
significantly, overturning may become the major failure
modes. For both sliding and overturning, tension crack
could develop extensively, causing separation between
adjacent rocks. Such separation could lead to rock falls at
the toe of the sliding mass and at the crown of the
overturning mass.

e The technologies used in this study to monitor the
movement or strain of the rock mass achieved satisfactory
results, showing their advantages over conventionally used
instrumentations. Distributed optical fiber technology can
be used to monitor the strain in testing models, which has
the advantages of high precision and strong anti-
interference ability and, more importantly, if planned well,
it can provide location and strain information at the same
time. 3D laser scanning technology can be used to observe
the surface deformation of a large model with the assistance
of point clouds approach, which is especially suitable for
large areas or areas of limited accessibility. The digital
photogrammetry technique can be used to observe the
displacement of reference points.

* The model test of a miniature of real world situation
would be representative if the similar theory is used to
control the dimension and properties of the materials.
Dimension analysis can be used to determine the
appropriate properties considering the allowable size in the
lab.

However, it is noteworthy that the model test of this
paper was two-dimensional and may not be able to account
for the impact of the orientation of the strike of the rock
formation. Thus, a three-dimensional study may be able to
provide more information.
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